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ABSTRACT
We report the phenomenology of the decomposition of crypto­
cyanine molecules in liquid solutions placed in the optical cavity of 
a high peak power ruby laser, and have determined techniques by means 
of which such solutions can be stabilized. We have suggested possible 
mechanisms for the irreversible bleaching of methanolic cryptocyanine 
solutions. We have further outlined investigative techniques which may 
serve as a point of departure for further research on other dye systems 
of considerable technological and theoretical interest.
We have determined that ultraviolet radiation, in a band of 
wavelengths near J00 nm, produced by the flash lamps used to pump the 
ruby rod, is responsible for nearly all of the photochemical decomposi­
tion of cryptocyanine in methanolic solutions used as passive shutters 
(Q-switches) in high peak power ruby lasers. The laser beam itself has 
little or no irreversible effect upon the dye molecules. The use of 
glass cells opaque to wavelengths ^ JQO nm significantly prolongs the 
lifetime of cryptocyanine Q-switch solutions.
We have investigated the effect of dissolved atmospheric 
gases upon the decomposition of cryptocyanine dye molecules in dilute 
(—  10" 6 M) methanolic solution. The removal of oxygen stabilizes the 
dye if the solutions are stored in the dark, or exposed to visible 
light, or to a combination of visible and ultraviolet radiation. If 
the solutions are exposed to pure ultraviolet light, however, the re­
moval of oxygen accelerates the photolysis. The greatest stability 
for cryptocyanine Q-switches is achieved by degassing the solutions and 
sealing them in vacuum-tight glass spectrophotometer cells, opaque to 
ultraviolet radiation.
ix
Finally, we have achieved a partial chromatographic separa­
tion of the decomposition products formed when methanolic solutions of 
cryptocyanine (—  10” 4 m) are irradiated with light in a narrow spectral 
region centered about a wavelength of JOO nm. We have studied the 
dependence of the intensities of some spectral bands of partially 
destroyed dye solutions upon irradiation time using both visible broad 
band and ultraviolet (3OO nm) light, and believe that we can associate 







The objective of this work has been to elucidate the cause or 
causes of decomposition of cryptocyanine dye molecules which have been 
placed in liquid solution in the optical cavity of a high peak power 
ruby laser, and to devise techniques for stabilizing such solutions so 
that decomposition can be prevented.
The expected significance of this study has been two-fold.
In the first place, users of giant pulse lasers have been greatly in­
convenienced by the gradual deterioration of cryptocyanine solutions 
used as Q-switches in their laser systems. The dye decomposes in 
solution both slowly when exposed to ambient light (or stored in the 
dark) and rapidly when used as a passive shutter (Q-switch) in a high 
peak power pulsed laser. 1 ’ 2 It has been troublesome and time-consuming 
to replace the dye solution after every shot. If fresh solution is not 
used for each shot, the output characteristics of the laser change with 
time in a more-or-less gradual but eventually drastic fashion. The 
peak power is reduced, the pulse duration is increased, and eventually 
multiple pulsing occurs. This lack of reproducibility in the laser out­
put is obviously extremely undesirable. Saturable absorber Q-switches 
would be much more convenient to use if decomposition could be prevented. 
In the second place, the photochemistry of these dye molecules is in­
trinsically interesting. Cryptocyanine and other related dyes are used 
not only as Q-switches3 ’ 4 but as saturable optical elements external 
to laser cavities. Furthermore, they are themselves laser materials. 5 
Many organic dye solutions have been made to lase at wavelengths between 
the green (—  55O nm) and the near infrared (—  750 nm) . 6" 8 The output
la
2
wavelength of continuously tunable dye lasers can be controlled by 
altering the concentration of the dye solution and/or varying the sol­
vent . 9 Deleterious photobleachlng has been noted in many of these 
applications, but no serious attempt has been made to study the photo­
chemistry of the associated dye-solvent systems. 1 ,2 >10>11 Another 
important use of these dye materials is in the sensitization of photo­
graphic emulsions in the manufacture of infrared film. 12 It has been 
the goal of this study not only to establish the phenomenology and to 
suggest possible mechanisms associated with the photochemical bleach­
ing process of methanolic cryptocyanine solutions, but also to provide 
a broad base of information which may constitute a point of departure 
from which the study of other dye systems might be undertaken.
NOMENCLATURE AND BRIEF BACKGROUND
Cryptocyanine, C25H23N2I, (sometimes spelled kryptocyanine, 
sometimes called 1 ,l/-diethyl-4,4/-carbocyanine iodide, I.U.C. name, 
l-ethyl-4-[3_(1-ethyl-4(lH)-quinolylidene)propenyl]-quinolinium iodide) 
was first used as a passive shutter for a high peak power ruby laser by 
B. H. Soffer3 in 1964. Typically, a dilute (10" 6 M) solution of the dye 
in methanol or acetonitrile, in a 1 cm path-length quartz spectrophoto­
meter cell, is placed between the ruby rod and one of the end mirrors of 
the laser cavity. The Q-switching action results from rapid reversible 
bleaching of an absorption band centered at 706 nm by the intense ruby 
luminescence at 694 nm. The absorption spectrum of cryptocyanine 
under conditions of both low13" 15 and high intensity16 irradiation has 
been extensively investigated. It is on the irreversible bleaching of 
cryptocyanine (due to photochemical decomposition) which accompanies
3
the essentially total optical saturation that occurs each time the 
laser is fired, that the attention of this study has been focused.
For the convenience of readers who may not be familiar with 
the use of rapidly-opening shutters in high peak power lasers, we have 
included a discussion of this subject in the Appendix.
EARLY HISTORY OF CRYPTOCYANINE
Cryptocyanine was first isolated and identified by Adams and 
Haller17 in 1919- In 1873, H. W. Vogel18 had found that silver halide 
emulsions of certain dyed photographic plates became sensitive to 
radiation wavelengths as short as 600 nm. Before that time, no photo­
graphic film sensitive to wavelengths longer than the blue (—  500 nm) 
was known. The discovery of cryptocyanine allowed film sensitization 
to extend beyond 800 nm, i.e., well into the infra-red region of the 
spectrum. 12
STRUCTURE
Cryptocyanine, C25H25N 2I, is a symmetrical polymethine 
cyanine dye19 which belongs to a family of organic compounds repre­
sented by the general formula
In the case of cryptocyanine, n = 1.
Bond orbital and molecular orbital theory have been used 
rather unsuccessfully (in the initial studies, 20 at any rate) to estab­
lish a quantitative theory for light absorption by these types of mole­
cules. The free electron model first applied to these compounds by 
Kuhn , 13 however, has been dramatically accurate in predicting the 
position of the absorption maxima for the symmetrical polymethines.
FREE ELECTRON MODEL
In this model, the cation is responsible for the color (blue 
in methanolic solution) of the dye, and is considered to be resonating 
between the two limiting structures shown in Fig. 1. Both forms con­
tribute equally to the ground state of the molecule. The nature of the 
bonds along the chain joining the two nitrogen atoms is intermediate 
between single and double bonds. They are comparable to the bonds in 
benzene. The atoms along the polymethine chain lie with their centers 
in a plane and are joined by cr-bonds. Each of the carbon atoms in the 
chain and the two terminal nitrogen atoms use three valence electrons 
to form the a-bonds of the molecular framework. The fourth electron 
from each carbon atom in the chain plus the remaining valence shell 
electrons from the nitrogen atoms form a cloud of Tf-electrons above 
and below the plane containing the centers of the carbon and nitrogen 
atoms. This Tt-cloud moves in the electrostatic field of the molecular 
skeleton and can be thought of as an electron gas. The motion of the 
electrons in this system is limited to the direction of the zig-zag 
line determined by the polymethine chain linking the two nitrogen 
atoms. The potential energy of each electron is assumed to be constant 
along the chain and to rise to infinity at the ends. The length, L, of
FIGURE 1
The two limiting structures for the cation of cryptocyanine. 
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this one-dimensional box is the sum of the individual chain links plus 
one additional bond length on either end.
In the ground state of such a system, the lowest lying 
energy levels will each contain a pair of electrons in accordance with 
the Pauli exclusion principle. The energy levels are given by
En = h2n2/8mL2 n = 1 ,2 ,3 ,... (1)
where h is Planck's constant, n is the principle quantum number, m is
the mass of the electron, and L is the length of the box. The first
absorption band of such a molecule results from the excitation of one 
of the TT-electrons in the lowest lying filled energy level to the first
unfilled energy level predicted by Eq. (l). The energy of the absorp­
tion is given by
AEX = (h2/8mL2)(N + 1) (2)
where h, m, and L are the same as in Eq. (1), and N is the number of 
TT-electrons.
The number, N, of electrons in the polymethine chain of 
cryptocyanine is 12. The number of filled orbitals (TT-electrons only) 
in the ground state of the molecule, (N/2), is 6 . The bond length between 
the atoms along the chain is taken to be equal to that of benzene, i.e.,
1.395 x 1 0 "8 cm* The quantum mechanical energy difference between the 
6th and 7th energy levels for cryptocyanine is given by Eq. (2). The 
Bohr relationship between the wavelength, X, of an absorption maximum 
and the excitation energy is
X = hc/AE (3)
where h is Planck's constant, c is the velocity of light, and AE is de­
fined by Eq. (2)*
Substituting Eq. (2) into Eq. (3)» we obtain
= 8mcL2/h(N + 1) (*0
By introducing the appropriate values for cryptocyanine into Eq. ( h ) , 
we find
= 707 nm.
This is in remarkable agreement with the experimentally observed 
visible absorption maximum for cryptocyanine which occurs at 706 .2 nm. 
While agreement between theory and experiment is not quite so striking 
for other cyanine dyes in the series, the free electron model is far 
superior in accuracy to any other simple means for predicting absorp­
tion maxima for cyanine dyes.
With this broad outline of objectives and general information 
in mind, we proceed to report on our investigation of the phenomenology 
and the possible theoretical significance of the irreversible bleaching 
of methanolic solutions of cryptocyanone Q-switches used in high peak 
power ruby lasers.
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CHAPTER II
LIGHT SOURCE RESPONSIBLE FOR THE 
DETERIORATION OF CRYPTOCYANINE Q-SWITCH SOLUTIONS
9
INTRODUCTION
We have stated that our primary interest in this study has 
been to understand the nature of the decomposition of cryptocyanine Q- 
switches in order that deleterious irreversible bleaching might be 
prevented. Before one can devise a method to prevent decomposition, 
however, one must first know whether the damage is done by the laser 
beam itself , or by other light that also illuminates the sample when 
the laser is fired. This other light consists of incoherent spon­
taneous emission from the ruby rod and from the xenon flash lamps used 
to pump the rod. Light from both of these sources escapes from one 
end of the chamber housing the rod and lamps, and strikes the Q- 
switching cell.
Photodecomposition of cryptocyanine has been studied pre­
viously by several authors. 1 -5 Jeffreys1 illuminated a methanolic 
solution of the dye with white light from a tungsten lamp. He assumed 
that the decomposition which resulted was due to photons in the 700 nm 
wavelength region, but reported no precautions taken to exclude light 
of other wavelengths from hitting his samples. Soffer2 was the first 
to employ a solution (solvent unspecified) of cryptocyanine as a Q- 
switch; he reported2 no detectable degradation of the dye after using 
it for some one hundred laser shots. He has since admitted3 that 
photodecomposition was initially a problem,although he has not re­
ported the cause of the decomposition, nor the precautions he took to 
prevent it. Brown and Stone4 exposed acetonitrilic solutions of crypto­
cyanine to fluorescent light, to sunlight, and to the light produced by 
a ruby laser during 200 firings. They found measurable decomposition
9a
in all three cases, but by far the most destructive source was solar 
radiation. Since sunlight is richer in ultraviolet radiation than a 
desk lamp (their source of fluorescent light), their results suggest 
that uv is the cause of irreversible bleaching. On the other hand, the 
color temperatures of the flash lamps used to pump ruby lasers is about 
the same as that of the sun's photosphere. This means that uv light 
should have also illuminated the dye if it were in the laser cavity in 
a quartz cell, so that one is surprised by their finding of minimal 
decomposition of Q-switch solutions after many shots. Although the 
flux of the solar radiation incident upon their samples was given in 
their paper, the flux of the fluorescent light and the flash lamp 
light was not. Therefore, no firm conclusions about the relative im­
portance of red and uv light in the photodecomposition of cryptocyanine 
can be drawn from their results.
Finally, Booth5 reported substantial deterioration of 
methanolic solutions of cryptocyanine in a (presumably quartz) 
spectrophotometer cell used to Q-switch a ruby laser, and noted that 
the amount of decomposition produced was a linear function of the 
number of times the laser was fired. Although he noted the possibi­
lity that the uv radiation from the pumping flashlamp might have been 
involved in the decomposition process, he assumed that the laser pulse 
itself was primarily responsible. Booth determined that the rate of 
decomposition (change in absorbance6 per laser shot) increased when the 
voltage across the capacitors discharged through the flash lamp during 
the firing process was increased. Since, in these experiments, the 
number of photons incident upon the dye from both the flash lamp and 
the laser beam increased when this voltage was increased, the relative
11
importance of these two light sources in the breakdown of the dye 
cannot be assessed from his data.
EXPERIMENTAL
We have performed three experiments which we believe have 
finally answered the question "Does the decomposition of cryptocyanine 
in passive shutters produced when the laser is fired result from the 
laser light itself or from light coming out of the xenon flash lamps 
used to pump the ruby?"
In the first experiment, we prevented the laser from firing 
by placing a black felt cloth between the ruby and the TIR prism which 
is used as the rear reflector. We exposed quartz cells containing 
methanolic solutions of cryptocyanine in the laser cavity to only the 
light from the xenon flash lamps plus spontaneous luminescence from 
the ruby rod. We did this in eight runs of about eight exposures each. 
A fresh dye solution was prepared at the beginning of each run and the 
absorbance of the sample was measured after each exposure. Prior to 
each exposure, the voltage across the capacitors discharged through 
the flash lamps was set to provide a predetermined pump energy. All 
of the exposures in a given run were made at the same energy setting, 
but the energy was changed from run to run. After each run, the ab­
sorbance of the dye solution was plotted against the number of expo­
sures and the least-squares best-fit straight line through the points 
was determined. The results of a typical run appear in Fig. 1. After 
all the runs had been completed, the slopes of the various lines were 
plotted against pump energy, and the least-squares best-fit straight
FIGURE 1
Dependence of the absorbance of a methanolic solution of crypto­
cyanine (s 10“ 6 M) upon the number of prior exposures of that solu­
tion to the light from laser flash lamps. The electrical energy 
discharged through the lamps during each exposure was 2020 J; the 
laser itself was prevented from firing by covering one of the cavity 
end mirrors with a black cloth. Triangles represent a run of expo­
sures made with a glass plate between the flash lamps and the quartz 
cell containing the dye solution. Circles represent a run of expo­
sures made without the glass plate. The lines are best fit to the 
points in the least-squares sense. Absorbances were measured after 
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line through those points was determined. Those points (represented 
by circles) and the line are shown in Fig. 2.
Next, three runs were made with the black felt cloth removed 
from the laser cavity, so that the laser fired through the dye during 
each exposure. Runs at low pump energies with the laser firing were 
not possible because the large initial absorbance of the Q-switch solu­
tions (required to enable accurate measurements to be made of the de­
crease in absorbance from shot to shot) produced a pumping threshold 
for lasing above 1225 joules. The slopes of the lines best fitting 
the results of these runs are also plotted (as triangles) in Fig. 2.
The fact that both triangles and circles fall close to the 
same line indicates that decomposition occurs whether or not the laser 
fires, and that the amount of photochemical destruction produced by 
one shot at a given pump energy is the same in either event. By way 
of contrast, a plot of the decrease in absorbance produced by a given 
shot (with the laser firing) against the total output laser power for 
that shot, reveals little correlation ---  see Fig. 3» Parallel measure­
ments made with commercially available cryptocyanine Q-switch solutions 
produced substantially the same results as those made with the solu­
tions prepared fresh in our laboratory, although the scatter of the 
corresponding data points was greater.
The vertical error bars in Fig. 2 are derived from a statis­
tical analysis of the expected uncertainty in slope for each run; they 
represent 68$ confidence limits. Deviations in excess of the expected 
error limits of the points (both circles and triangles) from the line 
may arise from systematic error in the calibration of the (volt) meter 
that indicates the electrical energy stored in the capacitors to be
FIGURE 2
Dependence of the rate of decrease in absorbance per exposure upon the 
amount of energy discharged through the flash lamps during the exposure. 
The mean decrease in absorbance (of 706 nm light by methanolic solu­
tions of cryptocyanine) per exposure (to flash lamp light) during a 
run of several exposures was measured first with the laser prevented 
from firing [both with (square) and without (circles) shielding the 
sample by means of a glass plate during the run], and then with the 
laser firing [both with (diamond) and without (triangles) shielding].
The line is least-squares-best-fit to the circles. Error bars, re­
presenting 68$ confidence limits, are based only on the statistical 
uncertainty in the rate of decrease in absorbance during a run and do 
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FIGURE 3
Dependence of the decrease in absorbance upon the amount of energy in 
the laser output. Each point represents a single exposure of a 
methanolic solution of cryptocyanine to both the light from the flash 
lamps and the spontaneous and stimulated emission from the ruby rod. 
The energy discharged through the flash lamps during the exposures was 
1600 J (circles), 2020 J (triangles), or 25OO J (squares). Vertical 
error bars represent the estimated accuracy of a single measurement of 
absorbance at a wavelength of J06 nm: horizontal error bars represent 
the combined effects of the inaccuracy of the optical calorimeter 
(given by the manufacturer) and the uncertainty in extrapolating the 
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discharged through the flash lamps, from random errors in the meter, 
and from non-reproducibility in the behavior of the components of the 
laser system (notably the capacitors, the flash lamps, and possibly the
temperature of the dye solution) from run to run.
To confirm the results of these experiments, and to eliminate
the possibility that spontaneous emission in the 700 nm region (from
either the flash-lamp or the ruby, or both) might be producing the 
breakdown of the dye, two further experiments were performed. In the 
first of these, methanolic solutions of cryptocyanine were prepared in 
spectrophotometer cells as before, and were illuminated outside the 
laser cavity by a xenon-mercury lamp. A grating monochromator was in­
serted between the lamp and the sample, and a band of radiation cen­
tered at a different wavelength in the interval from 200 to 800 nm 
was selected by means of the monochromator for sample illumination 
during each run. A run in this case consisted of two (̂ 100-800 nm) or 
four (200 -^00 nm) exposures of thirty minutes each, with a fresh dye 
solution prepared for each exposure. The total intensity of the light 
in each wavelength band was estimated from a spectral distribution curve 
described as typical by Oriel Optics Corporation, a commercial manu­
facturer of lamp systems using components equivalent to ours. The 
average decrease in absorbance per exposure in each run, divided by 
the area under the lamp curve in the corresponding band, is plotted in 
Fig. 4; the absorption spectrum of cryptocyanine in the 200-800 nm 
interval is displayed in this same Figure.
Light of wavelength shorter than 200 nm is absorbed by the 
air in the path between the light source and the sample, and hence such 
light cannot contribute significantly to the destruction of the dye.
FIGURE k
Dependence of the decrease in absorbance at 706 nm upon the wave­
length of the arc lamp light to which the sample had been exposed 
previously. Circles represent measurements made on August 3“^> 1971 > 
and triangles, on August 3l"September J , 1971• The measured decreases 
in the absorbance have been normalized to account for the variation in 
the intensity of the arc lamp with wavelength. The solid line re­
presents the absorption spectrum of a typical sample for purposes of 
comparison with the decomposition data. Experimental details and a 
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Light of wavelength longer than 800 nm (infrared) contains photons 
having energy insufficient to produce electronic excitation of mole­
cules in the sample. Therefore, since electronic excitation of a 
molecule by absorption of a photon is usually a necessary preliminary 
to photochemical decomposition of that molecule (or any other molecule 
to which that energy could subsequently be transferred by intermole- 
cular processes), infrared radiation cannot contribute directly to the 
decomposition either. Infrared radiation can sometimes produce 
chemical decomposition indirectly; vibrational and rotational excita­
tion of the sample molecules induced directly by the incident photons 
can be converted to translational energy (heat) by means of relaxation 
processes. This heat, in turn, can lead to thermal decomposition of 
molecules in the sample. In fact, we observed a noticable increase in 
the temperature of the dye cell during each run of flash lamp exposures. 7 
We have measured the thermal stability of cryptocyanine in dilute 
methanolic solution, however, and determined that the total temperature 
rise produced during a run (ca 11° C) is not sufficient to produce 
chemical decomposition. It is therefore unlikely that light with wave­
length longer than 800 nm contributes significantly to the deteriora­
tion of Q-switch solutions in our experiments.
The vertical error bars in Fig. 4 represent the uncertainty 
in determining the area under the spectral distribution curve of the 
lamp combined with the lack of reproducibility in the amount of photo­
decomposition per exposure, for the various runs; the confidence 
limits are 68$>. The horizontal error bars represent the band pass of 
the monochromator. The accuracy of the data in the photochemical ex­
periments is further influenced by long-term variations in the intensity
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and spectral distributions of the lamp output and by the assumption 
that the transmittance of the monochromator was effectively constant 
in the 200-800 nm region.
In the third, and last, experiment, glass sheets (ordinary 
plate glass 3/32" thick) were inserted into the optical train (inside 
the laser cavity) on both sides of the dye cell, and two runs like 
those performed during the first experiment were made. During one run, 
the laser was prevented from firing. No significant decomposition was 
observed after either run. The data obtained from the latter series of 
exposures are displayed in Fig. 1; the decomposition rates for both 
runs appear (square and diamond) in Fig. 2. The absorbance of the 
glass (air reference) was measured from 200 to 800 nm. It was found 
that the sheets were nearly transparent from 350 to 800 nm and essen­
tially opaque (absorbance greater than 1.0 ) at wavelengths shorter than 
320 nm.
The cryptocyanine used in these experiments was purchased 
from the Aldrich Chemical Company; the methanol was supplied by 
Mallinckrodt Chemical Works (Anhydrous Analytical Reagent, lot VEE). 
These chemicals were used without further purification. Absorbance 
was measured by means of a double-beam, recording spectrophotometer 
(Cary-14, Applied Physics Corporation). The intensity of the light 
source in this instrument is too low to produce a measurable amount of 
decomposition of cryptocyanine during the measurement of absorbance at 
any wavelength. Pure methanol in a cell having optical properties 
matched with those of the cell containing the sample was used as the 
reference, except where noted otherwise. The laser was an Optics 
Technology High Peak Power Ruby Model I3 0 , the lamps of which were
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never caused to flash more frequently than once every five minutes 
during these experiments. The laser output was monitored by means of 
a Korad KJ-2 Optical Calorimeter (Union Carbide Corporation) followed 
by a microvoltmeter (Model I5OA, Keithley Instruments) and an inkless 
strip-chart DC recorder (Esterline-Angus Minigraph, Esterline 
Corporation). The arc lamp and power supply used in the photochemical 
experiments were manufactured by Englehard-Hanovia (1000 Watt Compact 
Arc Lamp 537B-9 an<l 1000 Watt AC Power Supply). The lamp housing was 
manufactured by Schoeffel (Universal Housing LH I5IN). The monochro­
mator (25O mm, Bausch and Lomb 33O860l|0-0l) had a dispersion of 6 .6  
nm/tnm, and was used with both entrance and exits slits set at 3*0 n®1*
CONCLUSION
The results of the three experiments described in the pre­
vious section indicate clearly that the ruby laser beam has JLittle or 
no effect upon the deterioration of Q-switch solutions consisting of 
cryptocyanine dissolved in methanol. Instead, the principal culprit 
seems to be uv light in the J00 nm wavelength region from the pumping 
flash lamps.
At the time that these data were published8 we suggested that 
since a glass sheet placed between the flash lamp/ruby rod housing and 
the Q-switch cell greatly reduced the rate of photochemical decomposi­
tion of the dye contained therein, simply replacing quartz cells by 
glass ones might prove sufficient to inhibit the irreversible bleaching 
process. Extensive tests in our laboratory have confirmed that expec­
tation. Unfortunately, however, replacing quartz by glass does not 
eliminate the problem completely as the experimental work reported in
this chapter has established. Some decomposition occurs even when 
samples are protected from ultraviolet radiation. In the next chapter 
we turn our attention to methods for chemical stabilization of 
methanolic solutions of cryptocyanine.
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CHAPTER III
EFFECT OF DISSOLVED ATMOSPHERIC GASES UPON THE 
DECOMPOSITION OF CRYPTOCYANINE Q-SWITCH SOLUTIONS
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INTRODUCTION
Soffer and his coworkers1>2 have long suggested that chemical 
impurities present in the sample participate in the decomposition 
process. Ideally, the only substances present during the irradiation 
of Q-switch solutions are the interior walls of the container, the 
solvent, and the dye itself. In practice, all three of these substances 
will contain impurities. If decomposition is occurring, the decompo­
sition products will also be present. Finally, for samples prepared in 
air, atmospheric gases will dissolve in the solution and therefore also 
be present as impurities. The purpose of the work reported herein has 
been to discover whether removal of some of these impurities would 
increase the stability of cryptocyanine Q-switch solutions beyond the 
level attainable by means of ultraviolet shielding alone.
If glass, methanol and cryptocyanine are sufficient chemical 
ingredients for the decomposition of the latter, stabilization by 
purification of the sample will of course be impossible. While decom­
position products may affect the course of subsequent chemical reactions, 
they can hardly be necessary for the initiation of decomposition: the
effect cannot precede the cause. The stated purity of commercially 
available methanol and cryptocyanine is rather high, and careful 
cleansing of the sample cell should remove most of the possible contami­
nation from the glass. For these reasons, we decided to begin our 
studies by investigating the effect of dissolved atmospheric gases upon 
the irreversible bleaching of Q-switch solutions. The most likely
23a
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atmospheric participants in dye decomposition reactions are water and 
oxygen, although carbon dioxide and hydrogen cannot be completely ruled 
out. It is important to remember that cryptocyanine itself has a con­
centration of only about 10” 6 M in these solutions.
We have prepared samples differing from one another by the 
presence or absence of either or both of the two suspect impurities, 
oxygen and water, and have measured the concentration of cryptocyanine 
in these solutions spectrophotometrically before and after storage in 
the dark and exposure to visible and ultraviolet light. The details 
of these experiments and the results obtained therefrom are presented 
in the following sections.
STRUCTURE
As was indicated in Chapter I, cryptocyanine is a salt which 
ionizes in polar solvents to form a blue solution:
25^25^2-^ C25H25N2 + I (l)
The organic cation is responsible for all of the interesting colori­
metric and photochemical properties of the dye. 2 The cation is planar 
and may be thought of as a linear superposition of two resonance forms, 
the chromophoric group is the conjugated system of TT-bonds located be­
tween the nitrogen atoms.
It is possible that cryptocyanine exists in several different 
isomeric configurations in liquid solution at room temperature. The 
all-trans form is shown in Fig. 1. Kuhn3 has long suggested the pos­
sibility of stereoisomers of chain-substituted carbocyanines existing in 
equilibrium with the all-trans form at room temperature. West and
FIGURE I
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Pearce4 have reported the coexistence in equilibrium at 23° C of trans 
and cis forms of 12 carbocyanine dyes. McCartin5 has reported observ­
ing both cis and trans forms of a dye molecule with a structure very 
similar to that of cryptocyanine (see Fig. 2).
The all-trans form of cryptocyanine is expected to have the 
lowest energy and hence be the most abundant in solution. Some of the 
other forms presumably differ from the all-trans one by a 180° rota­
tion of part of the molecule about one of the bonds in the polymethine 
chain which links the quinoline rings, thereby converting the arrange­
ment about that bond to cis (see Fig. 3)« If cis forms do exist at 
room temperature, the energy barrier between the isomers cannot exceed 
a few kilocalories per mole (kT is only about 0.6 kcal).
Finally, there is a possibility that the cryptocyanine mole­
cule can be trapped in a gauche configuration formed by a rotation of 
part of the molecule by less than 180° about one of the bonds in the 
polymethine chain. Indeed, Pastor, et al .,1 *6 have reported observing 
what may be such isomeric forms of a dye molecule with a structure 
similar to that of cryptocyanine (see Fig. 4).
ELECTRONIC ENERGY LEVELS
We have shown in Chapter I that calculations using the free 
electron model7 predict that light having a wavelength of J06 nm 
should produce transitions between the ground state singlet, S0 > and 
the first excited singlet state, Si. The transition from S0 to the 
second excited singlet state, S2,is forbidden in the free electron 
approximation. If it were not forbidden, the wavelength of light
FIGURE 2
(&>
The structure of C 21H21N 2S2I (i.U.C. name, 3-ethyI-2-[3"(5“et^y^_ 
benzothiazolinylidene)propenyl]-benzothiazolium iodide), a molecule 
having a structure similar to that of cryptocyanine, and for which 
there exists evidence of both cis and trans isomers in 1 0 "6 M ethanolic 





























Possible cis isomers of the cryptocyanine cation. The hydrogen atoms 





The structure of C3gH45N2S2I (I.U.C. name, ^ - e t h y l - 2 -[C5“C3"C3_[(3” 
ethyl-2-benzothiazolinylidene)methyl]-5,5"dimethyl-2-cyclohexen-1- 
ylidene]methyl]-benzothiazolium iodide), a molecule similar to crypto- 
cyanine, and for which there exists evidence of colorless forms (which 


























required to produce it is calculated to be 328 nm. Experimentally, 
the first two absorption bands for cryptocyanine are centered at 
wavelengths of 706 nm and JlO nm; the 3IO nm band is very much weaker 
than the one at 706 nm. In addition to the singlet manifold, there 
presumably exists a system of triplet states, Tx lying below Sĵ ,
T2 lying below S2 , etc., which are populated by intersystem crossing 
whenever the corresponding singlets are excited from S0 by absorption 
of light.
Calculations of the energies of electronic states based 
upon the free electron model predict similar absorption spectra for 
different cis-trans isomers. This fact should make the spectrophoto- 
metric detection of such isomers somewhat difficult. McCartin5 
indeed found a substantial overlap of the Si *“ So bands of the two 
isomers of the dye he studied. He was able to alter the distribution 
of the population between the S0 states of the two forms by illuminat­
ing the mixture with visible light, and also by changing the tempera­
ture. McCartin further suggested that the SQ state of the cis form 
is the state of laser-bleached cryptocyanine. This suggestion is not 
likely to be correct, because presumably cis cryptocyanine in the S0 
state would also be able to absorb 69 +̂ nm light, and therefore a 
sample of such molecules could not be considered bleached.
Giuliano and Hess8 suggested that reversibly bleached 
cryptocyanine may consist of molecules in the lowest vibrational 
sublevel of S1o This sublevel is expected to be populated non- 
radiatively in about 10 picoseconds from the excited vibrational
sublevel of the Si band to which the molecular energies are lifted by 
69^ nm irradiation. Subsequent relaxation from the bottom of Sx to 
the ground state can occur in a few hundred ps. Another likely candi­
date is the lowest vibrational sublevel of T a which can be reached in 
about 1 ns by intersystem crossing from Si to a vibrationally excited 
sublevel of T 1} followed by rapid radiationless relaxation. Subse­
quent return to the ground state from this level is expected to occur 
in less than 20 ns, an estimate based upon measurements of the re­
covery time of the blue color of Q-switch solutions following laser 
irradiation.9 The rapidity of this unbleaching process is also another 
argument against the suggestion of McCartin5 that cis So cryptocyanine 
constitutes the bleached form of the dye; the cis Sq form of his 
molecule required about 4 ms to revert to the trans configuration.
Gauche forms of cryptocyanine, if they exist, cannot be blue. 
The Tf-bonding system is interrupted whenever there is a significant 
departure of the molecule from strict planarity, and electrons in an 
interrupted system are not "free" to move from one nitrogen to the 
other. If one end of the molecule rotates about one of the central 
bonds of the polymethine chain to produce two planar half-molecules at 
approximately right angles to one another. The free electron model may 
apply to each half separately. In such a case, the wavelength of light 
required to excite Sq to Si is predicted to be 328 nm. The energy
barrier between gauche S0 and trans S0 cannot exceed a few kcal/mole if 
the gauche form can be produced by mild heating of the solution. Pastor, 
et. _al.,6 found that a colorless (and therefore presumably gauche) 
isomer of their dye could in fact be produced by heating the trans form 
in solution; the electronic state of this colorless isomer is therefore 
presumably So- They1 also found two colorless forms could be produced 
by short wavelength irradiation, one of which had the same lifetime as 
the thermally-produced isomer (about 3 min) and the other, a half life 
of about 8 hours. The latter might be the Tx state of the 3 minute 
gauche isomer, or it might be a different chemical species entirely.
Eight hours is a remarkably long life for an excited electronic state 
of a molecule in a condensed phase.
SAMPLE PREPARATION
The samples studied in the following experiments consisted of 
dilute (ss 10"6 M) methanolic solutions of cryptocyanine, designated by 
the symbols Qj(x,y). The parameter x refers to the concentration of 
oxygen believed to be present in the sample, relative to a standard 
concentration:
x = [02]/[02]o . (2)
The parameter y refers to the concentration of water believed to be 
present in the sample, also relative to a standard:
y s [H20]/[h^0]o. (3)
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The concentration of oxygen in liquid methanol, in equilibrium 
with dry air at 25°C and 1 atm pressure, was chosen to be our standard 
concentration, [02 ]o* With the aid of data provided by Linke, 10 we can 
estimate
[02]o = 2.16 x 10" 3 M. (k )
If pure liquid methanol is placed in contact with humid air at 
25°C and 1 atm pressure, water will enter the liquid phase along with 
the other atmospheric gases. However, unlike the other atmospheric 
components, water is miscible with methanol in all proportions and 
Henry's Law cannot be used to predict the equilibrium concentrations in 
the liquid phase. In fact, if the relative humidity of the air is 100$ 
(partial pressure of H^D equal to its equilibrium vapor pressure over 
pure water) equilibrium cannot be achieved: water will accumulate in
the liquid phase indefinitely. Even at the moderate humidities 
encountered in air-conditioned scientific laboratories, the equilibrium 
concentration of water in methanolic solutions is very large -- it may 
be in fact comparable to the concentration of the methanol.
It follows that the actual concentration of water in methanol 
exposed to air is determined by the kinetics of the condensation process 
and the duration of the exposure, as well as by the humidity. Our 
desire to use our experimental results to explain phenomena encountered 
by users of cryptocyanine Q-switches in laboratory situations led us to 
define our standard water concentration as that produced in the liquid 
phase when pure dry methanol is placed in contact with air at 100$ 
relative humidity, 25°C, and 1 atm pressure for one hour. Because the
rate constants for the relevant processes depend upon the geometry of 
the sample, it is also necessary to specify that the methanol is 
exposed to the air only on its upper surface and is stored in 
cylindrical containers at an initial liquid depth of k cm. In 
retrospect, this choice of a standard concentration seems unwise 
because of the difficulty of estimating its magnitude theoretically. We 
can place an upper limit upon it of about
[H20]o Sf 0.3 M, (5)
but the actual value should be determined experimentally by chemically 
analyzing the solutions. We have unfortunately not performed this 
analysis.
Samples were ordinarily prepared in batches of four; the 
subscript on Q refers to the batch number. These numbers are assigned 
in ascending chronological order of the dates of preparation of the 
corresponding batches. The concentrations of dissolved oxygen and 
water differ from sample to sample within a given batch, but were 
ordinarily either zero or approximately equal to the standard concen­
trations. For example, the samples of the jth batch would be designated 
collectively by the symbol and individually by (0,0), Q (0,l),
Qj (1,0), and (1,1). We prepared a total of 19 batches, but some 
batches contained fewer than four samples.
Most of the experiments to be described consisted of measuring 
the amount of dye decomposition produced by exposing these samples to 
light. Unfortunately, two apparently chemically identical batches 
exposed under apparently identical conditions frequently yielded quite
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different results. Because we thought that this poor reproducibility 
might have been due to deficiencies in our methods of preparing the 
samples, we made frequent modifications of these methods in the course 
of the work. We regretfully report that these modifications produced 
very little improvement in the data. However, we feel obliged to report 
details of our preparative techniques because they are crucial to the 
validity of the conclusions we intend to draw from the experimental 
results. Also, it is possible that our readers may be able to detect 
relationships between methods of sample preparation and the corresponding 
photochemical behavior that we have been unable to find.
All glassware was carefully washed, baked at 120°C for 2b hours 
and, if it was to be used in the preparation of dry samples, allowed to 
cool in a glove bag containing dessicant to preclude contamination by 
adsorbed moisture. (Glassware destined to contain wet samples cooled in 
humid laboratory air.) The cryptocyanine (Aldrich Chemical Company, 
Milwaukee, D91535j lot number 0^2917) was dried in a vacuum oven at 
120°C for 2b hours and then stored in a dessicator. The dessicant was 
Drierite (anhydrous CaSC>4).
Batches Q3-Q13 were prepared using Baker Analyzed Reagent 
grade methanol, Lot #ij-1731» Mallinckrodt absolute, anhydrous methanol, 
lot ZHC, was used for Q14-Q19. Upper limits to the amount of water 
contained in a commercially available bottle of methanol are determined 
by the manufacturer and stated on the label. Our first step in the 
usual sample preparation process was the removal of this water. Sealed 
bottles of methanol were opened in a continuous-flow dry nitrogen glove 
bag and mixed with 1/16" pellets of Linde 3-A molecular sieve.
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Sufficient molecular sieve was used to have removed at least ten times 
the maximum amount of water present. The mixtures were shaken 
vigorously, placed in tightly stoppered bottles, transferred to a 
dessicator and stored there for at least 2k hours. The molecular sieve 
was removed from the methanol by vacuum filtration through fritted 
glass. The vacuum was provided by a mechanical pump; exchange of fluids 
between the pump and the filter flask was prevented by a liquid nitrogen 
trap on the line connecting them.
The dry cryptocyanine was added to the dry methanol in the dry 
nitrogen atmosphere of the glove bag to form a solution with a nominal 
cryptocyanine concentration of 10" 6 M. The solution was divided into 
two roughly equal parts, A and B, and each part was transferred to a 
separate dessicator in stoppered wide-mouthed bottles. Each dessicator 
contained about 10 1 of air.
The first dessicator contained in addition to the air and the 
opened A bottle of dry cryptocyanine solution, a puddle of water with a 
surface area of about 100 cm2 and a depth of 1 or 2 cm. With the 
dessicator lid in place, this assemblage functioned as an oxygenator- 
humidifier. After a 1 hr exposure of the cryptocyanine solution 
(surface area about 12 cm2, depth about ^ cm) to this environment, that 
solution was transferred to reaction vessels and if not used immediately, 
stored in the dark. Two aliquots were removed from the A bottle for 
each run. One aliquot was degassed to produce (0,1) and the other 
was used without further processing as (1 ,1), 3 ^ j ^ 13* F°r batches 
14 through 19 the oxygenation-humidification time was 2k hours, and the 
surface areas and initial depths for the cryptocyanine solution were
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60 cm2 and 8 cm, respectively. The stock solution thus prepared was 
poured into brown bottles which were then sealed and stored in the dark. 
Aliquots from the prepared resultant solution became (0,y) and 
Qj (l,y), 14 :£ j ^ 19, where y is probably between 2 and 6 .
The second dessicator contained, in addition to the air and the
opened B bottle of dry cryptocyanine solution, approximately 250 grams
of Drierite. With the dessicator lid in place, this assemblage
functioned as a dry oxygenator. As was the case for the A bottle, the 
exposure times for batches 5 through 13 was 1 hr and, for the remainder, 
2b hrs. After exposure, the B solution was either transferred immedi­
ately to reaction vessels or to a narrow mouthed brown bottle as before. 
The bottle was sealed and stored in the dark. Two aliquots were 
subsequently removed from the B bottle for each run. One aliquot was 
degassed to produce (0 ,0 ) and the other was used without further
processing as (1 ,0 ), 3 ^ 3 ^ 19 •
The procedure initially adopted (batches 3“13) f°r the transfer 
of the B bottle from the dry-nitrogen glove bag to its oxygenating 
dessicator was as follows. First, the bottle was capped inside the 
glove bag, removed therefrom and carried to the dessicator. Then the 
lid of the dessicator was quickly removed, the bottle placed inside and 
uncapped, and the lid replaced. Since these operations took place in 
laboratory air of non-zero humidity, there was obviously a possibility 
that solution B might have become contaminated with water. Consequently, 
for batches 14-19, the B dessicator was placed inside a glove bag. The 
dryness of the air in the glove bag external to the dessicator was 
maintained by about 400 grams of additional dessicant. The capped B
bottle was then transferred from the dry nitrogen glove bag to the 
dessicant-charged glove bag. The latter was then sealed to allow any 
moisture introduced by the transfer process to be removed from the air 
(at least 5 minutes). The B bottle was then opened and placed in the 
dessicator as before.
The extraction of aliquots from bottles to produce solutions for 
a given batch was performed rapidly, in the dry nitrogen glove bag for 
the B bottle and in the humid laboratory air for the A bottle. The 
aliquots were poured into four reaction vessels of two different types. 
Both types of containers had standard-taper ground-glass joints, high- 
vacuum Teflon O-ring stopcocks and rectangular quartz spectrophotometer 
cells of 1 cm path length joined to the cylindrical pyrex body of the 
vessel by means of a graded seal. Two of the four containers also had 
a small round pyrex glass bulb; aliquots to be degassed were placed in 
these. Both types of reaction vessels are shown in Fig. 5. The 
stopcocks on all four containers were then closed, and the vessels were 
either used immediately or stored in the dark. The volumes of the 
aliquots were sufficient to just fill the spectrophotometer cells 
(s? h cm3) .
A solution to be degassed was transferred from the 
spectrophotometer cell to the bulb by tipping the reaction vessel. The 
container was then connected to the pyrex vacuum system by means of its 
standard-taper joint, and the sample was frozen by immersing the bulb 
in a Dewar of liquid nitrogen for 5 minutes. A U-tube trap between the 
vessel and the manifold of the vacuum system was also cooled by liquid 
nitrogen to prevent contamination of the sample with mercury. All
FIGURE 5
Reaction vessels used in photolysis experiments. (a) This type was 
used whenever it was not necessary to freeze the solutions contained 
therein. (b) This type was used to prepare degassed samples by means 








stopcocks were then opened and the system was evacuted by means of a 
mercury diffusion pump backed by a mechanical fore pump. The residual 
pressure in the manifold was monitored by means of a McLeod gauge until 
that pressure dropped below 10“5 torr [exceptions were Q6 and Q7 (10“3 
torr), and Qq and Qg (10“4 torr)]. After an additional 5 minutes of 
pumping, the stopcock on the reaction vessel was closed and the liquid 
nitrogen Dewar was replaced by a beaker of warm water. The residual 
gases were allowed to re-equilibrate between the thawed solution and the 
vapor phase in the container for 5 minutes. Then the beaker of water was 
replaced by the liquid-nitrogen Dewar, and the entire process was 
repeated until a total of 5 freeze-pump-thaw cycles were completed 
[exceptions were Ql0 to Qie (3 cycles)]. All stopcocks were then closed 
and the reaction vessels were removed from the vacuum system; samples not 
used immediately were stored in the dark.
Another piece of information that may be relevant is the age of 
the solution at the time of initial use. Q3 , Q4 , %  (1,0), and Q6 were 
used immediately (within 2k hrs) after they were prepared. The A and B 
solutions for batches Q7-Q13 were all prepared by diluting aliquots of 
a concentrated cryptocyanine solution (syrup) prepared at the same time 
as Qs. The first number given below is the age of the syrup in days at 
the time the batch was prepared and the second number is the number of 
additional days which elapsed before the diluted solutions were used in 
an experiment. Qj,, 6,0; Qq, 7,0; Qg, 8,4; Ql0, 14,4; Qxl, 19,0; Q12, 
19,1; Qis, 19,8.
Each of the first two batches consisted of three samples. For 
Qx , one sample was degassed [Qx (0,y)] and the other two [Q-^ (l>y) and
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Q1b (l,y)] were not. For Qg, two samples [ Q ^  (0,y) and Q2fi (0,y)] were 
degassed, and the third [Q2 (l,y)] was not. Since no attempt was made 
to control the water concentration at this early stage in the experi­
mental work, y is unknown but probably comparable to the y's in later 
humidified samples (0.1 to h). It should also be noted that the 
liquid-nitrogen cooled U-tube traps had not yet been installed between 
the sample container and the vacuum manifold, so that (0 ,y), 1 s j ^ 2 
may have been slightly contaminated with mercury vaporized from the 
McLeod gauge.
EXPERIMENTAL - GENERAL
The experimental data consist primarily of measurements of the 
concentration of cryptocyanine in the methanolic solutions. These 
measurements were made spectrophotometrically at room temperature 
(nominally 25°C) in a Cary-l4 spectrophotometer. Pure methanol in an 
identical cell was placed in the reference beam of this instrument. The 
concentration of cryptocyanine is presumed to be proportional to the 
absorbance of the solution (Beer's Law) at a wavelength of 706 nm.
This presumption is subject to several possible sources of 
error. As was mentioned previously, cryptocyanine may be present in 
the solution in several different forms (e.g., dimers, isomers, excited 
electronic states) and each form will have a different absorption 
cross-section at T06 nm. This fact will not produce error in the 
spectrophotomeric assay so long as the relative concentration of these 
forms are the same in every measurement. The relative concentrations at 
equilibrium are determined by the relative energies of the corresponding
k2
forms and by the temperature of the samples during the measurement 
process. The energies and temperatures do not vary from one measurement 
to the next, but we must consider the possibility that the samples have 
not had time to return to equilibrium between the time the irradiation 
ceases and the time the measurement process begins (about 5 minutes in 
our case). Non-equilibrium samples will be less blue than equilibrium 
ones. This is because the monomeric forms of the cis and trans isomers 
in their electronic ground states have higher absorption cross-sections 
at 706 nm and also higher concentrations at equilibrium than any other 
species which might be present. Consequently, the absorbances of 
non-equilibrium samples should increase spontaneously with time; it is 
precisely this process which enables passive shutters to close following 
a laser shot. It has already been mentioned that the "healing time" for 
laser-bleached cryptocyanine solutions is ordinarily only a few tens of 
nanoseconds, but uv irradiation might produce a different result.
We have therefore measured the absorbance of cryptocyanine 
solutions as soon as five minutes after they have been irradiated (under 
conditions that Pastor, e t . jil.1, found sufficient to convert a sub­
stantial fraction of their dye to gauche or other colorless forms of the 
molecule ), and at frequent intervals thereafter over a 600 hr period.
We also checked several other samples for periods up to kO minutes after 
cessation of irradiation. At no time did we detect a spontaneous 
increase in absorbance. This means that gauche or other colorless forms 
of cryptocyanine capable of spontaneously reverting to colored forms, if 
they exist at all, must complete at least 95$ °f their reconversion in 
less than 5 minutes. Thus we may conclude that our assumption of the
proportionality between the absorbance and the total cryptocyanine 
concentration suffers no error from this source.
If any chemical species is produced which is incapable of 
spontaneous reversion to ordinary blue cryptocyanine, we shall call that 
molecule a decomposition product. We have performed a chromatographic 
separation of partially destroyed cryptocyanine solutions and find that 
none of the decomposition products absorb JO6 nm light. Therefore, the 
presence of decomposition products in the solution does not interfere 
with the spectrophotometric determination of the concentration of the 
remaining intact cryptocyanine molecules.
In conclusion, it is highly likely that the absorbances of 
cryptocyanine solutions measured at J06 nm five minutes or more after 
sample irradiation are proportional to the sum of the concentrations 
of all forms of the cryptocyanine molecule present.
DECOMPOSITION IN THE DARK
Solutions of cryptocyanine in methanol are known to have a 
limited shelf life. Even if the solutions are stored in brown bottles, 
slow decomposition of the dye contained therein occurs.
The optical densities of four solutions, Ql9  (0,0), Ql9  (0,=?2), 
Qis (1,0) and Q19 (l, ̂ 2) were measured many times during a 595 hour 
period. The solutions were stored in the dark during the time interval 
between measurements, and were exposed only briefly to room light during 
the measurement process. If the decomposition reaction in any sample is 
first order with respect to cryptocyanine,
u
(6)
and a graphical plot of ffa [C] versus t should reveal a straight line 
with an intercept of (j0n [C]) and a slope of -k. The experimental
l»""v
points obtained from all four samples of Q l9  are displayed in Fig. 6 ; 
the lines shown are best-fit to these points in the least-squares sense. 
The corresponding rate constants appear in Table I, and are consistent 
with the qualitative information reported by Margerum, et. al.f 
concerning the stability of degassed methanolic solutions of 
cryptocyanine in the dark.
solutions are ones which can be populated thermally. The energy 
difference between So and is about b-5 kcal/mole, so that all species 
present must be in their electronic ground states. Therefore, the 
chemically reactive form or forms of cryptocyanine in these solutions 
must be the So state of the all-trans isomer, the So state of one or 
more of the cis isomers and/or the Sq state of one or more gauche 
isomers. If oxygen is absent, the decomposition reaction does not 
occur regardless of the water concentration, and, if oxygen is present, 
water in the solution has a slightly stabilizing effect upon the 
cryptocyanine. All of the decomposition rates are very low. No further 
conclusion about aphotic decomposition can be drawn from our data.
The simplest possible reaction mechanism is summarized by the 
equations
The only forms of cryptocyanine which can be present in these
trans-C(So) + 0 2 -* decomposition products, (7)
FIGURE 6
The decomposition of cryptocyanine in 10“ 6 M methanolic solutions which 
occurred in the dark. Samples were drawn from batch 19, previously 
partially decomposed in the photoreactor. Circles represent Qi9 (0 ,0 ); 
hexagons, Q 19 (0,==2); squares, Q 19(l,o); and triangles, Q 19(l,==2). In 
this notation, the first argument of Q represents the concentration of 
oxygen and the second, that of water -- the subscript is the batch 
number. For details, see the text. Lines are best fit to these points 
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TABLE I . First-order rate constants for the decomposition of 
cryptocyanine in dilute (c* 1 0 "6 M) methanolic 




Best fit rate constant 
(hr”1)
Qi9 (0,0) - (0 .5  + 0 .1) x 1 0 "4
Qxs (0,e*2) - (0 .U + 0 .2) x 10” 4
Qi9 (1,0) + (6 .0 + 0 .7 ) x 1 0 "4
Qi9 (l,s 2) + (3 .0  + O. k) x 1 0 '4
b6
1*7
_cis-C(So) + 02 -* decomposition products, and/or (8)
gauche-c(Sn) + 02 -» decomposition products. (9)
We shall not speculate about the mechanism by means of which the H20 
participates.
Margerum, et. _al£, made qualitative measurements of the rate of
decomposition of aereated aqueous solutions of cryptocyanine in the
dark, and the rate constant for this process is apparently much larger 
(dye half life of a few hours) than any of those found in Table I. For 
this reason, the fact that our data suggest that water at low concen­
trations in methanol inhibits the decomposition process is somewhat 
surprising.
Finally, we note that the samples just described had been 
previously irradiated for a 15 minute period with J>00 nm light, so that 
appreciable concentrations of decomposition products were present in 
solution before the start of the aphotic experiment. We do not believe 
that these decomposition products had any appreciable effect upon 
subsequent decomposition processes occurring in the solutions. It is 
difficult to imagine a reaction mechanism involving these decomposition 
products that would result in a simple first-order rate law.
DECOMPOSITION IN VISIBLE LIGHT
The most fundamental rule of photochemistry is that no photon 
can produce a chemical reaction unless it is first absorbed by the 
sample. The only component of fresh cryptocyanine solutions which 
absorbs light in the visible and near-ultraviolet region of the
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electromagnetic spectrum is cryptocyanine itself, and this absorption 
occurs only in narrow wavelength regions centered at 706 and 310 nm 
respectively. For the purposes of this discussion then, visible light 
ordinarily consists solely of photons in the 706 nm band and ultraviolet 
light consists solely of photons in the 310 nm band; photons of all 
other wavelength pass through the sample without interacting with it.
There is some danger that, if black-body or other broad band 
radiators are used as sources of 706 nm photons, the light beam may be 
contaminated with >̂10 nm photons. As we have previously established, 
photons in the 300 nm region of the spectrum are much more effective 
than those in the J06 nm region in producing chemical decomposition of 
cryptocyanine molecules in dilute methanolic solutions. Therefore, even 
if the number of J06 nm photons greatly exceeds the number of JIO nm 
photons, the latter can be expected to dominate the photochemistry and 
mask any effects which might be simultaneously produced by the former.
We have calculated the ratio of the number of photons at 706 nm to the 
number at J10 nm emitted by a black body at three different temperatures 
by means of the Planck Radiation Law; the results appear in Table II.
The first temperature corresponds to that of a rather cool experimental 
laboratory in the dark, so that the corresponding ratio is relevant to 
the results of the aphotic decomposition experiments. The second 
temperature may be appropriate for a tungsten lamp, and the third, a 
xenon flash lamp. We also tabulate the wavelength of the most numerous 
photons emitted at these temperatures, calculated by means of Wien's Law.
Jeffreys11 irradiated a methanolic solution having an initial 
cryptocyanine concentration of about 1 0 "5 M  with light from a 200 watt
TABLE II. Ratio of visible to uv photons emitted by 
black-body radiators at various temperatures.
T
(°K)
Wavelength of most 
intense light ([jjti)
Number of photons at "JO6 nm wavelength 
•f number of photons at J10 nm wavelength
290 10.00 k x 1037
2900 1.000 3 x 102
5790 0 .500 3
tungsten bulb placed 20 cm away from the sample container; he found that 
the half life of dye molecules under these conditions was 17 hours. He 
did not describe the precautions he took, if any, to prevent ttv light 
from also reaching the sample. Neither does he report whether or not 
his samples were free of dissolved atmospheric gases. For these 
reasons, we cannot learn the answers to the questions raised herein 
from his work.
Margerum, e t . _al. , 2 irradiated a methanolic solution having an 
initial cryptocyanine concentration of about 1 0 "6 M  with light from a 
broad band source. They report a total intensity of 2 mw/cm2 for the 
light in the wavelength interval from 0.5 to 1.0 jjm. They do not 
report whether light having wavelengths shorter than 500 nm was 
prevented from reaching the sample. In solutions containing dissolved 
atmospheric oxygen, the half-life of cryptocyanine was about J>0 hours. 
Margerum, j|t. _al., removed a substantial fraction of the oxygen from 
some their samples by means of a nrough vacuum/' The half-life of 
cryptocyanine in these solutions was of the order of 300 hrs. They also 
apparently partially deoxygenated other samples by bubbling nitrogen gas 
through the solutions. Here too, the half-life of the dye was about J00 
hrs. Margerum, jat. _al. , 2 do not report the concentration of water in 
their samples.
We have reported12that cryptocyanine (initially at about 10~6 M 
in methanolic solutions) exposed to visible light from the xenon flash 
lamps used to pump the ruby rod in our laser cavity, does indeed 
decompose, albeit much less rapidly than it does if the ultraviolet 
light from these lamps also strikes the sample. Ultraviolet shielding
was provided by glass plates normal to the optic axis, placed on either 
side of the quartz sample cell. We can see from Table II that the 
numbers of "$10 and J06 nm photons emitted by these lamps must have been 
very similar, but we did not measure the intensity at either wavelength. 
Our samples in that work contained atmospheric oxygen, probably at the 
standard concentration [0 2]o, plus an unknown amount of water.
We have also observed, and not previously reported, that 
cryptocyanine at initial concentrations of about 10” 4 M  in methanolic 
solution decomposes much more readily when exposed to visible light 
(from a 60 watt tungsten bulb at a distance of 25 cm) than it does in 
the dark. Ultraviolet protection in these experiments was provided by 
a double layer of glass. The solutions also contained atmospheric 
oxygen at the standard concentration, plus an unknown amount of water.
In summary, cryptocyanine in dilute methanolic solutions 
contaminated by atmospheric gases does decompose when exposed to visible 
(i.e. 706 nm) light. The rate of decomposition is very low in 
comparison with that produced by an equal number of uv (i.e. JOO nm) 
photons, but substantially greater than that observed for solutions 
stored in the dark. The removal of atmospheric oxygen markedly inhibits 
this decomposition, and, indeed may eliminate it entirely if the 
degassing procedure is sufficiently thorough. The forms of 
cryptocyanine present in these solutions include all the species which 
are present in the dark (i.e. the Sq trans isomer plus perhaps one or 
more So cis isomers plus perhaps one or more Sn gauche isomers) and, in 
addition, some electronically excited species (i.e. Sx and Tx trans, 
plus perhaps Sx and Tx states of one or more cis isomers).
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The likely transitions, under the assumption that all three 
kinds of isomers are present, are shown by arrows in Fig. 7. A 
simultaneous electronic transition and molecular isomerization is an 
unlikely process because there is not enough time during the absorption 
process for the heavy nuclear framework to execute the necessary motion 
(Franck-Condon principle). Relaxation of first excited singlets and 
triplets may provide an exception to this general expectation due to 
their relatively long lifetimes.
There are at least two possible types of reaction mechanisms 
which can explain the acceleration of the decomposition process by 
light. First, one or more of the excited states may be chemically 
reactive.
C(SX) + 0 2 -* decomposition products. (10)
C(TX) + 02 -•* decomposition products. (ll)
Second, the same ground state species which is responsible for the 
aphotic oxidation may be the culprit [see Eqs. (t )-(9)]- In this case, 
the effect of the light is merely to increase the population of that 
state by providing optical as well as thermal channels from the trans So 
form. For example, consider the following sequence of reactions:
trans-C( So) + photon -> trans-C(S,). (12)
trans-C(St ) -* gauche or cis-c(So) (13)
gauche or cis-C(So) + 02 -» decomposition products, (l^)
These two types of light-induced decomposition mechanisms are by 
no means mutually exclusive, but if only the second one occurs then the
FIGURE 7
Electronic transitions and isomerization reactions which can be pro­
duced in cryptocyanine by means of visible light, under the assumption 









rate for the aphotic process described by Eq. ( j )  must be less than the 
rates for either or both of those described by Eqs. (8 ) and (9 ).
DECOMPOSITION IN ULTRAVIOLET LIGHT
We have devoted the major portion of our effort in this work to 
the investigation of the effects of dissolved atmospheric gases upon the 
decomposition of cryptocyanine in dilute methanolic solutions irradiated 
with ultraviolet light.
These experiments are divided into two categories, depending upon 
the light source used to produce the uv (i.e. JOO nm) photons. For 
experiments in the first category, the light was provided by one or more 
pairs of low-pressure 1.3 watt mercury arc lamps housed in a Rayonet 
photochemical reactor. For experiments in the second category, the 
light was provided by a single pair of xenon flash lamps housed in the 
optical cavity in the head of an Optics Technology Model 130 ruby laser.
Mercury Arc Lamp Source
Electrons produced by the discharge in the arc lamps are 
accelerated by the electric field and excite mercury atoms by impact.
The excited atoms then emit 254 nm light which strikes a coating on 
the walls of the discharge tubes. The coatings thus excited phospho­
resce, emitting light in a narrow band of wavelengths centered at 300 nm 
(the half intensity points occur at 287 and 3^6 nm). This light, plus 
a small amount of leakage at the exciting wavelength, strikes the sample. 
Each lamp pair results in an intensity of about 1.4 mw/cm2 on a sample 
with a total area of 16 cm2. The photoreactor which houses these lamps
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consists of a right circular cylinder of polished metal, mounted 
vertically, with a height of 38 cm and a diameter of 26 cm. The lamps 
are also right circular cylinders with heights of 26 .5 cm and diameters 
of 1 .5 cm. They are mounted vertically inside the reactor near the 
metal wall. The lamp sockets are located on horizontal planes near the 
bottom and the top of the reactor, equidistant from the center, at the 
vertices of a hexadecagon with a diameter of 23 cm.
The samples are mounted on a turntable consisting of three thin 
circular horizontal plates, 18 cm in diameter, fastened to a vertical 
shaft passing through their centers. One of these plates is mounted on 
the bottom of the shaft and supports the weight of the reaction vessels. 
Another plate, located 3*5 cm above the first, contains clearance holes 
for the spectrophotometer cells. Each clearance hole is square and has 
one face perpendicular to a radius of the plate. The holes are located 
on the vertices of a hexagon with a diameter of 11 .5 cm, concentric with 
the plate. Approximately 80$ of the solution volume is exposed below 
this plate and 20$ above it. The third plate is located 13 cm above the 
bottom one and contains clearance holes for the reaction vessels. The 
upper portions of these vessels, consisting of the stopcocks, standard 
taper joints, and in some cases freezing bulbs as well, protrude above 
this plate. The turntable is lowered into the photoreactor through a 
hole located in the top of the latter and clamped to an external 
ringstand. The shaft of the turntable is coaxial with the reactor to 
within a few mm over its entire length, and is rotated by a 27 rpm 
electric motor. A drawing of this apparatus in longitudinal section 
appears in Fig. 8 .
FIGURE 8
Longitudinal section of the Rayonet photoreactor used to irradiate 
cryptocyanine solutions with 300 nm light. The dimensions of this 












A single experimental run typically consisted of the following 
sequence of operations. First, a particular batch of samples Q^,
3 j ^ 19 3 was selected for study. The optical density of each sample 
at 706 nm was measured by means of the Cary-14 as described previously. 
The reaction vessels were inserted into the turntable in the reactor.
The turntable motor was started and the lamps were turned on. After the 
desired irradiation time had elapsed, the lamps were turned off, and the 
sample containers were removed from the reactor. Finally, the optical 
densities of each sample were again measured. Because some batches were 
irradiated twice, the total number of runs made (24) exceeds the total 
number of batches used (17)-
We have previously mentioned the difficulties encountered in 
obtaining reproducible results. Because we suspected that transient 
behavior of the lamps associated with the initiation of the electric 
discharge in the tubes might be partially responsible, we changed the 
irradiation procedure after the tenth run. In runs 11 to 24, each lamp 
was wrapped with black electrical tape except for a small "window" area 
s  4 cm high near the bottom of the discharge tube. With the lamps in 
place in the photoreactor, the tops and bottoms of these windows were 
aligned with the tops and bottoms of the spectrophotometer cells, 
respectively. For this reason, the samples were exposed to very nearly 
the same amount of light before and after the lamps were taped. The 
lamps were inserted into black-painted cardboard sleeves 2 cm in 
diameter and 14 cm high before being replaced in the photoreactor.
Long cords attached to the tops of these sleeves and drawn through the 
opening in the top of the reactor were used to control the vertical
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positions of the sleeves, which thus functioned as shutters. With 
these shutters in the closed position, the lamps were turned on for a 
warm-up period of at least JO minutes; the samples were then placed in 
the rotary turntable, and the table set in motion. The timed run could 
be started and stopped by simply releasing and raising the sleeves. The 
improvement in the reproducibility of the data achieved by means of 
this modification was minimal, unfortunately.
In deciding how to present the data, it is first necessary to 
make some assumption about the order of the reaction with respect to 
cryptocyanine. The simplest assumption is that the reaction is first 
order, as was proved to be the case for the reaction in the dark 
described previously. In order to compare the results of runs utilizing 
different numbers of pairs of lamps, it is necessary to make some 
assumption about the order of the reaction with respect to J00 nm 
photons. Again, the simplest assumption is that the reaction is first 
order with respect to this component. The resulting rate equation is:
* -k 'p30o[C] (15)
The symbol k' is used for the rate constant for this reaction to 
distinguish it from k, the rate constant for aphotic decomposition 
[see Eq. (6)]; p3oo is the energy density in the radiation field in the 
300 nm band, proportional to the number of lamps used in the run.
Because the samples are "optically thin" at 310 nm, p3oo will be the 
same everywhere within the sample during a given run.
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Equation (15) can be integrated, and an analysis of the 
resulting expression shows that the damage, D, defined by
(16)
(where A° and A are the initial and final values of the absorbance at 
706 nm, respectively, n is the number of lamp pairs, and t is the 
irradiation time in minutes), should be proportional to k 7. Because 
there are four kinds of samples depending upon the atmospheric impurities 
present, we may anticipate four different values of k 7 and hence of the 
damage [e._g., D(0,0), d(0,1), D(l,0) and D(l,l)]. The relative amounts 
of damage produced in these four cases should reflect the effect of each 
type of impurity upon the rate of decomposition of cryptocyanine in 
methanolic solution. All samples with the same values of x and y should 
yield the same result, D(x,y), independent of the batch from which they 
were drawn and the run in which they were irradiated.
The damages observed experimentally appear in Table III. Even 
a casual inspection of that table reveals that D(x,y) is by no means 
independent of batch number and run number. We have described the 
changes we have made in the methods of preparation and irradiation of 
the samples in order to eliminate this erratic behavior, and we do not 
understand why they were not more successful.
The results, bad as they are, are nevertheless good enough to 
permit the drawing of some firm conclusions about the effects of 
dissolved atmospheric gases upon the uv-induced decomposition of 
cryptocyanine in dilute methanolic solutions. The samples, regardless 
of the impurities present, suffered extensive damage. Oxygen greatly
_ log[(A°/A)] 
n t
TaBLE III. Decomposition of cryptocyanine in dilute (==10-6 M) methanolic solutions irradiated with uv light in a
narrow band of wavelengths centered at J00 nm.
Run Date of Number Exposure Batch Initial absorbance of samples3 Normalized Photochemical Damage
number, run of lamp time, t number, j (preparation described in text)__________ D = [log(A°/A)]/nt_____
I (1972) pairs, n (min) A°(0 ,0) A°(0 ,y) A°(1,0) A°(l,y) D(0 ,0) D(o,y) D(1,0) D(i,y)
1 14 Aug 4 ' 5 3 0.687 -- 0.743 0.841 >0.1268b -- 0.01912 0.02078




-- 0.756 0.912 >0.3210b
>0.3212
— 0.02709 0.02998
3 29 Aug 2 2 5A 1.355 0.538 — 0.0204 0.02061 — -
4 29 Aug 2 4 5A --- 1.123 0.445 — — 0.0923 0.02177 -—
5 29 Aug 2 2 5B 0.675 — 0.546 — 0.0277 — 0.02148 —
6 7 Sep 2 2 6 0.687 0.727 O.699 0.743 >0 .6340b >0 .6401b 0.03191 0.03854
7 8 Sep 1 1 6C 0.200 0.260 0.463 0.409 0.1397 1.4150 0.02709 0.04001
8 13 Sep 1 1 7 0.761 0.812 0.850 0.820 0.1509 0.2037 0 .02742 0 .02845
9 14 Sep 1 1 8 0.911 0.801 0.858 0.850 0.0210 0.0234 O.OI336 0.02201
10 14 Sep 1 1 8 0.868 0.759 O.832 0.808 1.4614 O.O333 0.02030 0.02205
11 19 Sep 1 9 0.709 0.749 0.808 0.740 1.0758 0.5482 0.02115 O.OI836
12 25 Sep 1 1 10 1.581 1.706 1.713 1.712 1.8565 2.0559 O.OI3I3 0.02052
13 26 Sep 1 1 11 1.622 1.709 1.745 1.740 1.6660 1.8348 0.01007 0.01061
14 27 Sep 1 1 12 1.653 1.770 1.808 1.770 0.7742 0.6278 0.02041 0.00993
15 4 Oct 1 1 13 1.552 1.701 1.715 1.680 1.4919 2.5317 O.OO56I 0.01312
16 16 Oct 1 1 14 1.490 1.780 1.593 1.778 0.0021 0.0032 O.OI385 0.00714
17 16 Oct 1 1 14 1.483 1.767 1.543 1.749 -0.0029 0.0017 0.01460 0.00929
18 17 Oct 1 1 15 1.485 1.761 1.548 1.845 0.0029 -0.0017 O.OI5I3 0.01436
19 17 Oct 1 15 1.475 1.768 1.495 1.785 0.0090 0.0060 0.01541 0.01098
20 18 Oct 1 1 16 1.424 1.871 1.468 1.872 -0.0003 O.OI39 5 0.01200 0.01703
21 18 Oct 1 15 16 1.425 1.812 1.428 1.800 O.O3O3 0.0359 0.01800 0.01167
22 19 Oct 1 15 17 1.338 1.813 1.388 I.83I 0.0283 0.0267 0.01732 O.OII57
23 20 Oct 1 15 18 1.200 I.805 1.297 1.829 0.0434 0.0354 0.01987 0.01274
24 23 Oct 1 15 19 0.875 1.743 1.013 1.762 0.0152 0.0147 0.01289 0.00722
TABLE III. (continued)
D(0,0) D(0,y) D(1,0) D(l,y)
Mean damage, <D(x,y)> >0.4424 >0.4839 O.OI832 O.OI792
Root mean-square deviation from the mean, c 0.6081 O.7637 O.OO6O3 O.OO93O
Root mean-square deviation of the mean, crA/fa 0.1268 0.1666 0.00123 0.00203
aThe absorbances were readable to + 0.002 and reproducible to + 0.005.
^These samples decomposed completely during the run; i.e., the final absorbance readings were A <0.002.
QThe freezing bulbs on the reaction vessels were overfilled in preparing batch 6. Before run J, the partially decomposed 
portions of Q6 (0,0) and Q6 (0,1) were mixed with "fresh" solution in the bulb reserviors.
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protected dye molecules from destruction in wet or dry solutions 
(perhaps a bit less effectively in the dry ones). Water may also have 
had some slight protective effect on cryptocyanine in air-saturated 
solutions, but its effect on degassed solutions is not clearly es­
tablished. The validity of these conclusions is most easily seen by 
examining the damage ratios D(l,0)/d(0,0), D(0,y)/d(0,0), D(l,y)/D(0,y), 
and D(l,y)/D(l,0), which are presented in Table IV. Runs 22-2*4- are 
singled out for special attention because (as we previously mentioned) 
there is reason to believe that the procedures for excluding water from 
Qj (0,0) and Qj (1,0), lb  <. 3 ^ 1 9  were more rigorous than those used in 
preparing the other batches. Secondly, wet solutions in these batches 
were in contact with humid air for 2b hours instead of one hour as were 
the wet solutions of the other batches, and consequently the. effect of 
water upon the damage should be more pronounced. Thirdly, each sample 
from each of these three batches was irradiated only once for the same 
length of time.
In summary,~£he mechanism for the uv-induced decomposition of 
cryptocyanine is drastically different from that for either aphotic or 
visible-light-induced decomposition. While oxygen is essential for the 
latter processes, it is inhibitive of the former. Since all samples 
were damaged, and the amount of damage produced was at best unaffected 
and at worst promoted by the removal of impurities, chemical stabili­
zation of uv-irradiated cryptocyanine molecules in dilute methanolic 
solution by removal of atmospheric gases is impossible. No further 
conclusions can be drawn from our data.
TABLE IV. Effect of atmospheric impurities upon damage produced in various batches 
of cryptocyanine solutions by uv light in various runs.
Run Effect of oxygen Effect of water on Effect of oxygen Effect of water on
number, I  on dry samples deoxygenated samples on wet samples samples containing oxygen
D (1,0)/d (0,0) D(0,y)/(0,0) D(1,y)/D(0,y) D(l,y)/D(l,0)
1 <  0 .151* -- --- 1 .087
2 <  0.0843
<  0.084a
--- 1.107
3 --- -- --- -----
4 ------- ----- ------ —
5 0.775 ----- —
6 <  0 .050a 1.01 <  o.o6oa 1.208
7 0.194 10.13 0 .028 1.477
8 0 .210 I .56 0.140 I.O38
9 O .636 1.11 0 .941 1.647
10 0.014 0.02 0 .6 6 2 1.086
11 0.020 0 .5 1 0 .0 3 4 0.868
12 0.007 1.11 0 .010 1.563
13 0.006 1.10 0 .0 0 6 1 .054
14 0 .0 2 6 0.81 0 .0 1 6 0.487
15 0.004 1.70 0 .005 2.339




Effect of oxygen 
on dry samples
D(l,0)/D(0,0)
Effect of water on 
deoxygenated samples
D(0,y)/D(0,0)
Effect of oxygen 
on wet samples
D(l,y)/D(0,y)
Effect of water on 
samples containing oxygen
D(l,y)/D(l,0)
17 _b —  - b b O .636
18 __ b __ b ____b 0.949
19 I . I l k 0.67 1.824 0.713
20 -- -- 1.223 1.419
21 0.595 1.19 O .325 0.648
22 0 .611 0.94 0.434 0 .668
23 0 .458 0 .8 2 0 .360 0.641
24 0.846 0.97 0.490 0 .560
Mean Ratio
<D(x,y)/D(x',y') 0 .341 1.57. O.5I8 1 .034
a 0.441 2 .3 2 0 .6 5 6 O.45I
g/ iJsh 0.101 O .58 0.159 0 .0 9 8
<D(x,y)/D(x/,y/)> 0 .639 0 .9 1 0.428 0 .623
(Q17-Q19)
a 0 .160 0.07 0 .0 5 4 0.046
a/v^ 0 .0 9 2 0 .0 4 0 .031 0.027
TABLE IV (continued)
The sample, the damage suffered by which appears in the denominator, was destroyed completely before the 
end of the irradiation period,
^So little change in optical density occurred in the samples, the damage suffered by which appears in the 




It is interesting to speculate about the mechanism for this
reaction. The primary photochemical process must be the absorption of 
a 300 nm photon. The likely transitions are shown in Fig. 9* All 
transitions shown in Fig. 7 (except So + photon -* Sx) are also possible 
here, but are omitted from Fig. 9 in the interest of clarity. Surely,
of the following: _trans-C(S2) and C(T2), cis-C(S2) and C(T2), and
gauche-C(S-,) and C(TX) . A l l  the other species shown in Fig. 9 would 
have also been present in the samples illuminated with visible light, 
but no rapid, oxygen-quenched decomposition was produced by 706 nm 
irradiation. Whatever its identity, C must participate in at least 
three different competing processes.
consistent with the observation that oxygen is frequently effective in 
quenching excited electronic states of organic molecules in solution. 
We remark, however, that whatever the identity of C , the rate ofIK!
reaction (19) must be less than that of (18) if oxygen is to be an
to be necessary. Generally speaking, internal conversion, intersystem 
crossing, radiationless relaxation between higher excited states, and 
fluorescence are fast processes in comparison with So ♦- Tj relaxation. 
The lifetime of cis, trans-C(SP) and C(T2), and of gauche-C(S,) are
the reactive species, C , in uv-irradiated solutions must be one or more
X
-* decomposition products




The stable species and Cz may be the same. Reaction (18) is
effective protector, and not much more than (17) If that protection is
FIGURE 9
Electronic transitions and isomerization reactions which can be pro­
duced in cryptocyanine by means of ultraviolet light, under the as­
sumption that trans, cis, and gauche isomeric forms of the molecule 
exist. All of the transitions produced after the sample is irradiated 
with visible light can also occur (see Fig. 7)j but are omitted from 








therefore expected to be short compared with that of gauche- C ( ).
Since one of these excited states must be C in Eq. (19), the latter is
X
the most likely candidate.
The suggested mechanism, then, is as follows:
cis,trans-C(Sn) < - = = “>  gauche-C(Sn) (20)
gauche-C(So) + uv photon -* gauche-C(S1) (21)
jjauche-C(Sx) -* gauche-C(T,) (22)
gauche-C(T1) -» decomposition products (23)
gauche-C(T.,) >  trans,cis,gauche-C(Sn ) (24)
. . 02(fast) , . . .gauche-C(T,) ---------- >  trans,cis,gauche-C(Sp) (25)
The reader should be reminded that this mechanism is highly speculative, 
especially in view of the fact that no one has ever even demonstrated 
the existence of a gauche isomer of the cryptocyanine molecule. In 
fact, Pastor, _et. al . , 6 have suggested the possibility that the long- 
lived colorless form of their dye might be some kind of complex with 
the solvent instead of an isomer.
We note that, while the near uv absorption maximum for 
cryptocyanine is located at a wavelength of J10 nm, the quantum 
efficiency for decomposition peaks at $00 nm. If the ground state 
isomer is predominantly trans, and the Franck-Condon principle applies, 
the absorption maximum should be determined primarily by the reaction:
trans-C(Sn) + uv photon -» trans-C(Sp) (26 )
This means that the primary photochemical process involved in the 
irreversible bleaching cannot be produced by the usual form of the
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reaction shown in Eq. (26). This might be interpreted as supportive 
evidence for the proposed mechanism of a negative kind, since it is 
unlikely that the transitions in Eq. (21) and Eq. (26) are most 
efficiently produced by photons of exactly the same energy.
In another set of experiments, we investigated the effect of 
oxygen at concentrations other than [02]q upon the uv-induced decompo­
sition of cryptocyanine in 10" 6 M methanolic solutions. We have not 
assigned batch numbers to these samples. They were prepared from
Baker Analyzed Reagent methanol, lot #41731, and no attempt was made to
control the water content of the resulting solutions. The reaction 
vessels illustrated in Fig. 5a were used, and were connected to the 
vacuum manifold without an intervening mercury trap. After evacuating 
the manifold to a rough vacuum with the forepump, the stopcocks in the 
sample containers were opened briefly to exhaust the air contained 
therein. The stopcocks to the pumps were closed and the system was 
filled with pure oxygen gas until the appropriate pressure (measured by 
means of a mercury manometer) was obtained. The samples were equili­
brated with the oxygen in the system for a 15 minute period. Controls 
were provided by solutions in equilibrium with atmospheric oxygen; 
again, no attempt was made to controL.the water content. The solutions 
were irradiated one at a time, first a Q(x,y) and then a Q(l,y) control, 
using a 10-20 min exposure to the JOO nm light provided by eight pairs 
of lamps. The rotary turntable was not used; the sample containers were 
centered in the photoreactor during exposure. For each different oxygen 
pressure (resulting in a different value of x), a total of eight
solutions were irradiated, four Q(x,y)'s and four Q(l,y) controls. The
TO
resultant values for the relative amounts of photochemical damage, 
D(x,y)/D(l,y), are presented graphically in Fig. 10; error bars 
represent 68</0 confidence limits. For purposes of comparison with the 
results of more careful experiments previously described, the average 
values of d(0,0)/d(1,0) and D(0,l)/D(l,l) from Table IVappear on the 
same graph. The line in Fig. 10 is best-fit in the least-squares 
sense. The slope is very slightly positive with a value equal to 
( 3 ±  l) x 10~2 . It can be seen from this data that increasing the 
oxygen from a pressure of 0.1 to 1.0 atm has essentially no effect on 
the 300 nm induced photolysis. This is not surprising, since even at a 
partial pressure as low as 0.1 atm (x = jg), oxygen molecules are a 
thousand times more numerous in the liquid solution at equilibrium than 
are cryptocyanine molecules.
Finally, in a separate set of experiments, we irradiated 1CT4 M 
solutions of cryptocyanine in methanol, both with mercury arc lamps and 
(as mentioned previously) with visible light from a 60-w tungsten bulb. 
The absorbance of the partially decomposed solution over the entire 
visible spectrum (800 nm to 300 nm) was measured at frequent intervals 
during the irradiation period. We were able to identify some of the 
absorption peaks as belonging to one or more of the fractions isolated 
by the partial chromatographic separation of decomposition products. 
This partial separation was mentioned previously in the section of this 
study titled "Experimental-General." By plotting the intensity of the 
various absorption peaks as a function of irradiation time we were able 
to follow the concentration of chromophores from individual fractions 
during the course of the decomposition reactions. Although our data
FIGURE 10
Dependence of the uv-induced photochemical damage of cryptocyanine 
upon the concentration of oxygen dissolved in the solution. The oxygen 
concentration is expressed as a ratio: x=[02]/[02]o , where [02]Q is
the concentration of oxygen in methanol in equilibrium with dry air at 
1 atm pressure and 25° C. Henry's law is assumed to hold. The ob­
served damage D(x,y), is divided by the damage produced in control 
samples, D(l,y). The water concentration, y, is unknown. Each circle 
represents eight solutions (four sample-control pairs) irradiated as 
described in the text. The line is best-fit in the least-squares 
sense to the circles from x = 1/2 to x = 5» The mean ratios 
(d(x,0)/d(0,0))“1 and <D(x,y)/D(o,y) )-1 from Table IV are plotted 
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are crude and incomplete, they strongly support the hypothesis that the 
mechanism of the photolysis induced by visible light differs from that 
induced by ultraviolet light.
Xenon Flash Lamp Source
Next, we shall discuss the effect of dissolved atmospheric gases 
upon the decomposition of cryptocyanine molecules in dilute methanolic 
solution, when that decomposition is induced by ultraviolet radiation 
from xenon flashlamps in the optical cavity of a ruby laser. For the 
experiments in which the uv photons were supplied by mercury arc lamps, 
we assumed that the reaction was first order with respect to 
cryptocyanine. The assumption that the reaction produced by uv photons 
from xenon flashlamps is first order can be tested using the data from 
our paper,12 in which the absorbance, A, of Q-switch solutions was 
plotted against number of firings of the flashlamps at constant pump 
energy. We have replotted the data using Sn A instead of A as the 
ordinate. The points on these graphs fit straight lines as well as 
they did when plotted the other way. A linear relationship between 
(bn A and number of firings is expected for a reaction that is first 
order with respect to cryptocyanine.
The degassing of Qx (0,y), Qg^ (0,y), and Qgg (0,y) was 
accomplished by the freeze-pump-thaw procedure described in the section 
on sample preparation. (l,y), Q^B (l»y)» and Qg (l,y) were in
equilibrium with atmospheric oxygen. No attempt was made to control the 
water content of the solutions. These samples were exposed, one at a 
time, to the xenon flash lamps in the laser cavity as we have previously 
described. The pump energy was 2020 J and the laser was prevented from
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firing by covering one of the mirrors with a black cloth. A run
consisted of eight shots (lamp firings) into the same solution. The
results are presented in Fig. 11a. Notice that the samples containing
oxygen suffered the most damage, exactly the opposite of the results of
the experiments in which mercury arc lamps were the light source! These
runs were made at a very early stage in this work, even before our first 
12paper on cryptocyanine had been published. Shortly after we learned that 
300 nm light for the flashlamps was necessary for all but a small amount 
of the decomposition which occurred, we switched to the mercury arc lamp 
source in further studies so that the laser could be used for other 
experiments. Consequently we forgot all about the earlier runs, and 
rediscovered them only after we had completed the arc lamp experiments 
and began to prepare the results for publication.
We could only discover one difference between the methods used 
to prepare these samples and those used to prepare the subsequent 17 
batches. Solutions destined to become (0,y), 1 ^ j ^ 2 were connected 
directly to the vacuum system without an intervening mercury trap. Since 
mercury atoms are known to sensitize photochemical reactions of organic 
molecules, we repeated the flash lamp experiments using a batch of 
samples known to be mercury-free, Q19. This very same batch had 
previously been exposed to J>00 nm light from arc lamps in the 
photoreactor, and oxygen had quenched the decomposition reaction in that 
experiment (see Tables m  and iv). The results of irradiating the same 
sample with uv light from the flash lamps in the laser cavity are 
presented in Fig. lib. In this experiment, oxygen promoted the decompo­
sition, confirming the results obtained with the first two batches.
FIGURE 11
The decomposition of cryptocyanine in 10“6 M methanolic solutions ir­
radiated by means of xenon flash lamps in the laser cavity. The number 
of flashes at a pump energy of 2020 J is n. (a) Q^(l,y), Q^g(l,y), 
and Q^(0,y) are represented by solid triangles, solid squares, and 
open circles, respectively. (^(Ojy), Q2B(0,y), and Q2(l,y) are re­
presented by open triangles, open squares, and solid circles, respec­
tively. The water concentration is unknown. Mercury traps were not 
used in the preparation of degassed samples. Lines are best-fit to 
the points in the least-squares sense. (b) Circles represent Qi9(0,0); 
hexagons, Qig(0,e?2); squares, Qig(l,0); and triangles, Q ig(l,^). In 
this notation, the first argument of Q represents the concentration of 
oxygen and the second, that of water —  the subscript is the batch 
number. For details, see the text. All samples are mercury-free.





















The difference in the oxygen dependence of the uv induced 
damage from these two sources must be explained either by differences 
between the lamps or by differences in the conditions under which the 
irradiation occurs in the laser cavity and in the photoreactor. The 
only significant difference between these two light sources is that 
the xenon flash lamps produce light of many wavelengths other than 
300 nm, while the arc lamps produce only J00 nm photons plus a small 
amount of leakage at 25k nm. (We do not know the intensities of these 
two sources at 25 -̂ nm and can therefore only assume that they are 
comparable.) Also, as we have reported earlier^the air which is blown 
into the laser cavity to cool the ruby rod heats the Q-switch solution 
slightly (to a temperature less than if-0°c). By way of contrast, samples 
in the photoreactor remain very nearly at room temperature if only one 
pair of lamps is used. (The temperature rises to about k^°C if all 
eight pairs are used.)
We have already decided that there must be at least two 
chemically reactive forms of the cryptocyanine molecule. One of these,
C , is presumed to be responsible for both aphotic decomposition and
cl
the photolysis induced by visible light, and it is stable in the absence 
of oxygen. The other, C , is responsible for the decomposition of 
cryptocyanine induced by light from the ^00 nm mercury arc lamps in the 
photoreactor, and its decomposition is quenched by oxygen. We shall 
call the reactive species responsible for the decomposition induced by 
light from the xenon flash lamps in the laser cavity C^. Could be 
the same as Ca? There are presumably three kinds of channels through 
which C species may be populated —  the thermal one, the ones using
cl
77
visible light, and the ones using ultraviolet. We have previously 
established that protecting the solution from the ultraviolet light 
with glass plates reduced the amount of photolysis by about a factor 
of 20. If is C^, then, this fact implies that the uv channels are 
20 times faster than the sum of the thermal and visible light channels. 
The uv channels were also open during the photolysis experiments 
performed in the photoreactor, but no appreciable oxidative decompo­
sition was observed in the photoreactor experiments. We have therefore 
established that is an unlikely candidate for C^. It is obvious that 
is not C^, either, because the oxygen dependences of the decomposition
rates for C, and C are so very different. We conclude that C, cannot b x b
be identified with either C or C , and therefore the dye decomposition£L X
in the laser cavity cannot be explained in terms of a simple combination 
of ordinary visible light-induced photolysis with ordinary (i.e. mercury 
arc produced) uv photolysis. The fact that the temperature in the laser 
cavity is higher than it ordinarily is in the photoreactor means that 
there will be different distributions of population among the isomers of 
the electronic ground state at equilibrium in the solutions being 
irradiated in each of these two chambers. However, this difference in 
the distribution of the population is unlikely to play more than a 
trivial role in the explanation of the difference of the results 
obtained by means of the two sources.
We suggest that is produced by successive absorption of two 
photons, first an ultraviolet one and then a visible one. If our 
suggestion if correct, the precursor of which absorbs the visible 
light in this process must not be trans, cis or gauche-C(So), nor can
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it be trans or cis-C(S1) or C ^ ) ,  because these species are also 
produced in the absence of uv light. It must not be trans or cis-C(S2) 
or (T2) either. This is because these states presumably have such a 
short lifetime that their steady state populations would be very small, 
which in turn means that it is unlikely that they could absorb an 
appreciable number of photons. The most likely possibility is C
X
itself, which we have tentatively assigned to gauche-C(T1). The reader 
may ask, why not have the absorption of visible light precede the 
absorption of the uv photon? The answer is that if the visible photon 
is absorbed first, it must be a 706 0111 photon since the sample is 
transparent everywhere else in the visible. Therefore, an increase in 
the intensity of light striking the sample anywhere within the 706 nm 
band should produce a marked increase in the photolysis rate. As we 
reported earlier^however, the photolysis rate produced in the laser 
cavity is independent of whether or not the laser is fired. Besides, 
the lifetimes of cis and trans-cCS,) and C(T1) are too short for any 
appreciable amount of further absorption to occur from these states. 
Therefore, the uv photon must be absorbed first.
The suggested mechanism for the decomposition of cryptocyanine 
molecules in dilute methanolic solution irradiated by the xenon flash 
lamps in the optical cavity of a high peak power ruby laser is the same 
as the mechanism suggested for the photolysis which occurs when the 
samples are irradiated by mercury arc lamps in the photoreactor 
[Equations (20) to (25)], plus two additional steps:
gauche-C(T,) + vis (\^f06nm) photon -♦ (27)
Cb + 0 2 -* decomposition products. (28)
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The rate of (27) must be greater than the rates of (23)-(25) if the net 
effect is to be an increase in the damage with increasing oxygen 
concentration. This mechanism is obviously even more speculative than 
the previous one.
SUMMARY
Cryptocyanine decomposes irreversibly in dilute (e*10"6 M) 
methanolic solutions at ambient laboratory temperatures. The nature of 
this decomposition depends upon the intensity and wavelength of light 
striking the sample, and upon the concentrations of atmospheric impuri­
ties dissolved in the solutions. The most active atmospheric components 
are probably oxygen and water.
Cryptocyanine in solutions from which oxygen has been removed 
was observed to be completely stable for periods as long as 395 i*rs 
when stored in the dark, whether or not small amounts of water were 
present in the solution. Cryptocyanine in dry solutions equilibrated
with atmospheric oxygen decomposes slowly in the dark [t^ =a
(1.2 + 0.1) x 10s hrs]; trace amounts of water have a noticeable
stabilizing effect [t^ = (2.3 + 0.3) x 103 hrs].a
Cryptocyanine molecules in solutions in equilibrium with 
atmospheric oxygen decompose when exposed to light in the visible 
region of the spectrum faster than they do when stored in the dark.
The half life depends upon the intensity of the illumination but should 
be expected to exceed 17-30 hrs if the source is ambient laboratory 
lighting. The removal of oxygen from these solutions increases the 
half life of the cryptocyanine molecules contained therein to at least
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300 hrs. No attempt was made to exclude atmospheric water from the 
solutions described above, so that the effect of that component upon 
the rate of decomposition cannot be assessed. The wavelengths of light 
responsible for the acceleration of the decomposition reaction are to 
be found in a narrow band of wavelengths centered at 706 nm.
Ultraviolet photons associated with a narrow band of wavelengths 
centered at 300 nm are one or two orders of magnitude more efficient in 
destroying cryptocyanine molecules in dilute methanolic solutions than 
are 706 nm photons, if atmospheric gases are present. An increase in 
quantum efficiency of the uv photons by probably an order of magnitude 
can be achieved by the removal of oxygen from the irradiated solutions. 
The removal of water from the liquid phase may also produce a slight 
(l0-30$>) decrease in the photostability of the dye. Varying the oxygen 
concentration from one-half to five times the amount present when the 
solutions are at equilibrium with air produces no significant change in 
the quenching efficiency of that component upon the uv-induced decompo­
sition of cryptocyanine.
When both visible and ultraviolet light are present, as they 
are when quartz cells containing these solutions are illuminated by a 
broad band source having a high color temperature, the rate of decompo­
sition of cryptocyanine molecules is different from that observed when 
only the uv light is present. Exposure to eight shots from the pair of 
flash lamps in the laser cavity, at a pump energy of 2020 J, destroys 
about ten times as much dye as does exposure for one minute to a pair 
of arc lamps in the photoreactor. Crude calculations suggest that the 
amount of energy in the wavelength interval from 290 to J>10 nm received
81
by the sample is very nearly the same (about one joule) in both cases. 
For dry solutions from which oxygen has been removed, the above ratio 
of damages is reversed -- "pure" uv is about ten times more destructive 
than uv plus visible light. The effect of water upon cryptocyanine 
molecules illuminated simultaneously by visible and ultraviolet light 
is to increase the stability by about a factor of 3/2 over that found 
in dry solutions, regardless of whether or not oxygen is also present.
In order to explain these facts we have tentatively suggested 
several different mechanisms. First, we postulate the existence of one 
or more forms of cryptocyanine that absorb both visible and ultraviolet 
light. This is presumably an equilibrium mixture of all trans and 
probably at least two cis isomers. Next, we postulate one or more 
forms of cyrptocyanine that absorb only uv light, possibly a gauche 
isomer and/or a complex with the solvent. We suggest that only the 
colorless form is chemically reactive. In its electronic ground state, 
which may be populated either thermally or by irradiation with 706 nm 
light, the decomposition reaction is oxidative. An electronically 
excited state of colorless cryptocyanine is produced by absorption of 
300 nm photons. Molecules in this excited state may (l) decompose 
spontaneously, (2 ) return to the ground state (a process accelerated by 
the presence of dissolved atmospheric oxygen), or (3 ) be further excited 
by absorption of another photon, wavelength unknown. The species 
produced by excited state absorption decomposes in a rapid oxidative 
reaction. These mechanisms, diagrammed in Fig. 12, are not to be 
taken too seriously.
FIGURE 12
Summary of proposed mechanisms for the decomposition of cryptocyanine 
in 10“6 M methanolic solutions. The proposals are highly speculative.
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Cryptocyanine in 10“6 M methanolic solution cannot be protected 
from uv induced decomposition by removing atmospheric gases. It is 
possible to protect such solutions from ultraviolet light by putting 
them in glass rather than quartz spectrophotometer cells. Dye molecules 
thus protected will be illuminated only by visible light and therefore 
suffer much less damage than those lacking this protection. Further­
more, dye molecules irradiated with only visible light can be protected 
still further by the removal of atmospheric oxygen. Therefore, crypto­
cyanine Q-switch solutions degassed prior to use and sealed in vacuum- 
tight glass cells will have the maximum possible useable life.
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In the preceding chapter we have indicated that an attempt 
was made to separate and identify the decomposition products produced 
as a result of the irreversible bleaching of solutions of cryptocyanine 
in methanol. Some of the effects of both broad band irradiation with 
visible light as well as the J00 nm induced photolysis were investi­
gated. A partial separation of several components produced in the 
300 nm photolysis was achieved. However, efforts to identify these 
decomposition products by several techniques including nmr, infrared, 
visible and ultraviolet spectroscopy, as well as elemental analysis 
were inconclusive presumbaly due to the lack of adequate separation 
and purification of the compounds present. No attempt was made to 
separate decomposition products produced by irradiation of solutions 
with visible light. Some information was obtained from an investiga­
tion of the dependence upon irradiation time of the intensities of some 
of the spectral bands associated with the decomposition products formed 
during both the visible and uv irradiations. We believe that some of 
these same bands are present in the spectra of decomposition products 
formed by using 3OO nm light.
CONCENTRATION EFFECTS
The concentration of methanolic cryptocyanine solutions used 
as passive shutters in high peak power ruby lasers is limited to the 
10“ 6 M range. At concentrations less than 0 .5  x 10” 6 M, the absorbance 
of the shutter is too low (<0.l50) and multiple pulsing occurs. At 
concentrations greater than 4.0 x 10" 6 M, the absorbance is too high 
(> 0 .800) and the laser will not fire.
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Cryptocyanine is known to exist as a monomer in methanol 
solution at 10"6 M.1 Solutions in the concentration range from 10“6 
to 10"4 M (at 25° C) exhibit the behavior predicted by the Beer-Lambert 
Law.2 In more concentrated solutions, dimerization, higher aggregation 
phenomena, and probably greater interaction with the solvent occur. 
Aggregation of the cyanine dyes, particularly in aqueous solution has 
been extensively investigated.2-4
In order to avoid aggregation and other effects not charac­
teristic of cryptocyanine Q-switching solutions, concentrations higher 
than 10“4 M should be avoided. In order to produce measurable quan­
tities of decomposition products by photolysis of methanolic crypto­
cyanine solutions, concentrations greater than 10"6 M are desirable.
The concentration chosen for these photolysis studies, therefore, was 
(2.5-4.2) x 10-4 M.
PHOTOLYSIS AND SEPARATION OF DECOMPOSITION 
PRODUCTS PRODUCED BY JOO nm RADIATION
A total volume of 2250 cc of methanolic solution was photo- 
lyzed between May 22, 1972 and July 18,1972. Solutions of cryptocyanine 
in methanol (Mallinckrodt Anhydrous Lot WZDY) were prepared with no 
attempt to remove dissolved oxygen or water. Typically, 25O cc of 
solution were irradiated in a quartz tube (O.D. 6 cm) which was placed 
in the center of the Rayonet photoreactor described in the preceding 
chapter. The light flux illuminating the sample is estimated to be 
12 mw/cm2. The temperature inside the photoreactor was 45-50° C. Ap­
proximately 5“l/2 hrs of continuous irradiation were required to obtain 
a solution with a readable absorbance at 706 nm on the Cary-14. In
each case the photolysis reaction was stopped when the absorbance was 
approximately 0.800. At this point, the decomposition reaction was at 
least 9 9.9/0 complete since this absorbance is indicative of a crypto­
cyanine concentration of 3*97 x 10"6 M. (We have prepared a graph of 
absorbance versus concentration over an absorbance range of 0.100- 
0 .90 0.)
Several characteristic color changes occured as the photo­
lysis reaction progressed. The starting solution was a deep blue. 
After about 3 hrs of irradiation, the solution was a deep emerald 
green. A yellow color appeared next and the color of the final solu­
tion was amber.
The photolyzed solution was removed from the photoreactor 
and placed in a 500 cc round-bottomed flask fitted with a standard 
taper joint. The flask was attached to a Rotovapor (R, Buchi, Switzer­
land), a device which distills off the solvent by means of a vacuum 
produced by a water aspirator. The revolving flask was placed in a 
container of water to counteract the cooling effect produced by sol­
vent evaporation. The temperature of the water was maintained at 
(30 + 3 ) 0 C. Approximately 10 cc of methanol were removed per minute. 
When the solvent was almost completely evaporated, a small amount of 
the reddish brown residue was removed and spotted on precoated thin 
layer chromatographic sheets (Silica Gel F -2 ^ b , E. Merck Ag Darmstadt 
(Germ) E. M. Merck Reagents Div.). The spots were allowed to dry and 
the sheets were placed upright in a closed container containing a small 
amount of methanol. (Other solvents and solvent combinations were 
tried, but methanol produced the most efficient separation.)
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Several spots appeared on the TLC plate and others were visible 
when viewed under 35O nm irradiation. This irradiation was produced by 
means of an ultraviolet lamp (Universal UV Lampe, Camag, Muttenz 
Schweiz, Typ TL-9OO/U) which emitted light at either 35O nm or 25k ran. 
Irradiation with 25k nm light was not particularly effective in inducing 
luminescence.
Under ambient visible light, a typical sequence of colored 
bands (from the fastest moving component to the stationary one) was as 
follows: yellow, pink, orange, pink, and brown. Under 350 nm irradia­
tion, a typical color sequence (in the same order) was purple, purple, 
blue, yellow, orange, and brown. The color sequence as well as the 
relative intensities of the spots varied somewhat from run to run. We 
will not discuss these phenomena any further, as our use of TLC was 
limited to providing only a rough check on the separation characteris­
tics of the various residues tested. Our experience does, however, in­
dicate that both thin layer and thick layer chromatographic techniques 
might be useful for separation of decomposition products produced in 
the photolysis of solutions of cryptocyanine in methanol.
After the removal of some of the residue for use in the 
chromatographic procedures just described, the remaining solvent was 
completely evaporated from the residue in the flask. This mixture was 
removed from the flask by dissolving it in a small amount of chloroform. 
Chloroform was chosen for this procedure because the residue from de­
composed cryptocyanine solutions was very readily soluble in this sol­
vent. Furthermore, chloroform was easily removed from the residue by 
allowing it to evaporate in loosely-stoppered containers at room tempera­
ture.
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A silica gel chromatographic column for the separation of the 
various components in the decomposition mixture was prepared as follows. 
A 76.2 cm section of glass tubing (O.D. 2 .5k cm) was fitted with a 
glass stopcock. A small cotton plug was inserted at the bottom of the 
tube immediately above the stopcock. A slurry was prepared using 200 cc 
of silica gel (7O -325 Mesh ASTM E Merck Ag Darmstadt (Germ) E. M. Merck 
Reagents Div.) and about 300 cc of benzene. The slurry was poured from 
a large beaker into the column with constant stirring and allowed to 
settle about 8 inches from the top of the column. A column of benzene 
was maintained above the settled gel. About one cc of Chromasorb P 
(80/100 mesh Supelco, Inc., Bellefonte, Pa.) was carefully placed on 
top of the column of the gel. The purpose of the sand-like material 
was to facilitate the even distribution of the sample when it was placed 
on top of the column. The benzene was then allowed to drip out slowly. 
The sample, dissolved in about 2 cc of acetone, was carefully added to 
the column as soon as the benzene layer was even with the top edge of 
the Chromasorb P. The elutant series was benzene, benzene-acetone, 
acetone, acetone-methanol, methanol, methanol-water, and finally water 
alone. This series of solvents of increasing polarity appeared to pro­
duce a distinct separation of the various components as they were viewed 
under ambient light and 350 nm irradiation.
A yellow band was the first to separate from the sample and 
began moving down the column when pure benzene was used as the elutant. 
This band luminescenced purple under 350 nm irradiation. This component 
was collected in several collecting containers. The contents of these 
were combined after solvent evaporation and the material labeled 
Component I. After separation from the benzene it was in the form of a 
dark yellow oil.
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When a 2:1 benzene-acetone mixture was added to the column, 
a red band appeared with vertical streaks of yellow at the trailing . 
edge. Several attempts were made during different runs to separate the 
red from the yellow by varying the benzene-acetone ratios, but no satis­
factory separation was accomplished. The red band appeared deep purple 
under 350 nm irradiation, and the yellow component appeared as a lighter 
purple glow.
It is suggested that a different eluotropic series might pro­
vide a more effective separation of this particular component. The 
solution, as it came off the column, was an intense orange-red color. 
After evaporation, a red oil was collected and labeled Component II.
A very broad, pale yellow band followed Component II. This 
band glowed light purple under 35® nm light. Pure acetone was used on 
the column for the removal of this material. Several containers of 
the pale yellow solution were collected. An extremely small amount of 
residue was obtained after solvent evaporation from these fractions.
The residue that was collected was dark green. We have labeled this 
Component III.
A dark brown band remained at the top of the column. Attempts 
to remove it by using acetone-methanol, methanol, methanol-water, and 
pure distilled water were unsuccessful. The band appeared dark purple 
under 350 nm irradiation. A narrow green band also was visible within 
the purple band under the uv light. During one of the runs, when the 
residue containing all of the decomposed material was dissolved in 
acetone for initial placement on the column, a brown material only 
partially soluble in acetone was left behind in the flask. This tarry- 
like residue was found to be water soluble. This material is believed
91
to be the same brown residue which proved unextractable on the silica 
gel column. We have labeled this material Component IV.
Finally, we note that in fractions obtained using methanol, 
methanol-water, and pure water, white silicic acid crystals were ob­
tained with the oily residues. Silicic acid is insoluble in chloroform 
and was removed from the residues when this occurred by dissolving the 
latter in a small amount of chloroform and separating the two by de- 
cantation.
SPECTRA
Infrared, visible, and ultraviolet spectra were obtained for 
all of the components. We believe that the information derived from 
the visible and ultraviolet spectra is far more reliable than that from 
the infrared data. The former were more reproducible and had fewer and 
more clearly defined absorption bands than did the latter. We will not 
report the infrared spectra. The proton-magnetic-resonance spectra of 
the partially separated fractions were obtained by means of a high reso­
lution Varian HA-100 Spectrometer. These spectra, however, contained a 
large number of poorly resolved lines. Dr. N. S. Bhacca of the Chem­
istry Department of Louisiana State University (Baton Rouge) confirmed 
our suspicion that the fractions were not sufficiently pure for these 
data to be useful in the characterization of the components.
Both the visible and the uv spectra were measured on a Cary-14 
recording spectrophotometer. The separated components were dissolved 
in methanol (with the exception of Component IV, for which distilled 
water was used) and placed in quartz spectrophotometer cells using a
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matched quartz cell filled with pure solvent as a reference. No attempt 
was made to determine the concentration of the initial solutions used 
for the visible spectra. Dilution of these solutions was necessary in 
order that the bands in the ultraviolet region appear on scale. Order 
of magnitude estimates of these dilutions appear in Table I, which pre­
sents a summary of the spectral data obtained.
Before proceeding with a description of the spectra of the 
separated decomposition components, the reader is reminded that we can 
make no quantitative statement about the purity of these materials. A 
typical yield for any of the chromatographic fractions obtained in a 
given run never exceeded a few milligrams, and this greatly hindered 
further purification procedures. We believe, however, that this data 
may be of value to subsequent investigators and present it with this in 
mind.
Component I showed a sharp peak at (415 + 5) run« The absorbance 
for this unknown concentration was O.698. When this solution was diluted 
by a factor of 10-3, a broad shoulder centered about (255 + 3) 11111 aP" 
peared. The absorbance at 255 nm was O.36O. At this same concentra­
tion, a peak appeared at (2O 5 + 3) nm with an absorbance of 0.640.
Component II showed a distinct broad absorption band at 
(490 + 5) nm. The absorbance for this concentration was 0.430. Dilu­
tion of this solution by a factor of 10“1 revealed a well defined peak 
at (220 + 3 ) nm with an absorbance of O.3 95.
The visible and ultraviolet spectra produced from the dark 
green material labeled Component III showed a total of eight peaks. The 
data for this material is believed to be far less reliable due to greater 
sample impurity than that for Components I and II; it is presented in sum­
mary in Table I.
TABLE I. Summary of spectral data obtained from separated decomposi­
tion materials produced by 300 nm irradiation of methanolic 
cryptocyanine solutions (— 1 0 "4 m)
Component Absorbance Maximum Absorbance
Dilution
Factor
I (415 + 3) nm O .698 1
(235 + 3) (shoulder) O.36O 1:100
(205 + 3) 0.6140 1:100
II (490 + 5) nm 0 .430 1
(220 + 3) 0 .3 9 5 1:10
III (610 + 3) nm 0.242 1
(455 + 3) 0.475 1
(415 + 3) 0.473 1CO + 3) 1.410 1:3
(323 + 3) 1.460 1:3
(290 + 3) 0.555 1:3
ro + 3) 0 .7 1 5 1:15
(205 + 3) 0 .4 0 0 1:100
IV (470 + 3) nm (shoulder) 0 .450 1
(325 + 3) 0 .1 3 2 1:10
(235 + 3) 0 .970 1:10
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Component IV was not obtained from the silica gel column as 
were the first three. As has been mentioned, the initial decomposed 
material was placed on the column in acetone solution. It was noticed 
that all of the residue did not dissolve in the acetone despite vigorous 
shaking and mild heating. Since the initial residue had been found to 
be completely soluble in water, distilled water was added to the tarry 
brown substance remaining in the flask after the bulk of the material 
had been removed by dissolving it in acetone. The purity of this com­
ponent is also highly suspect. However, visible and ultraviolet spectra 
were obtained from it using distilled water as the solvent and also in 
the reference cell. A summary of this data is presented in Table I.
DEPENDENCE OF INTENSITIES OF SPECTRAL BANDS UPON IRRADIATION TIMES
USING 300 nm AND VISIBLE LIGHT
The time dependence of several spectral bands in the visible 
and ultraviolet regions was monitored for partially decomposed crypto- 
cyanine solutions during both a JOO nm induced photolysis and a broad 
band (tungsten lamp) radiation induced photolysis. (Both of these 
light sources have been described in Chapter III.) No attempt to 
remove dissolved water or oxygen was made in these experiments.
During one of the JOO nm photolysis runs described in the 
preceding section, aliquots of the solution were removed from the quartz 
tube and the absorption spectrum from 800 nm to 200 nm was obtained on 
the Cary-14. Several peaks associated with the decomposition products 
were observed. The absorbance of these peaks as a function of time is 
plotted in Fig. 1. These same solutions were diluted by adding 5 drops 
of the 10" 4 M solution to a spectrophotometer cell and adding methanol
FIGURE 1
The dependence on irradiation time of spectral bands resulting from 
300 nm irradiation of cryptocyanine in 10“ 4 M methanolic solution.
The absorbance, A, is plotted versus time, t (hrs). (a) The absorbance
at 706 nm. (b) The absorbance at (490 + 5) nm. (c) The absorbance at
(448 + 3 ) nm. (d) The absorbance at (425 + 3) 1,111 •
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to exactly fill the cell (volume 2? lj cc). This allowed the absorbance 
in the ultraviolet region of the spectrum to appear on scale. A de­
finite absorption maximum centered at (235 + 3) 11111 appeared after two 
hrs of irradiation. The absorbance versus time behavior of this band 
is plotted in Fig. 2.
Some absorbance at wavelengths other than those shown in 
Figs. 1 and 2 was observed. The behavior of these bands was ambiguous, 
however, and in the interest of both brevity and clarity we will omit 
any further mention of them.
In order to monitor the time dependence of spectral bands 
associated with visible light induced photolysis of methanolic solu­
tions of cryptocyanine, the following experiment was performed. One 
liter of 4.35 x 10”4 M solution was divided among four pyrex test tubes 
and irradiated with a 60 watt tungsten lamp. The test tubes were stop­
pered and placed in a pyrex beaker. The double pyrex shield (opaque to 
wavelengths ^ 300 nm) served to filter out the small amount of short 
wavelength light present in the spectral distribution of the tungsten 
lamp. The beaker (containing the test tubes of solution) and the 
tungsten light source were placed in a light-tight cabinet. The dis­
tance between the center of the (1 liter) beaker and the light bulb 
was 25 cm. The total radiation illuminating the samples is estimated 
to be 8 mw/cm2. The total irradiation time for this experiment was 
850 hrs.
Aliquots of solution were removed periodically (about every 
100 hrs) during the photolysis and the absorption spectrum was obtained 
as before from 800 nm to 300 nm. A gradual increase in the absorbance 
of a definite peak which appeared at (490 + 5) nm was observed as in
FIGURE 2
The dependence on irradiation time of a spectral band resulting from 
300 nm irradiation of cryptocyanine in 10“4 M methanolic solution 
(diluted). The absorbance, A, is plotted versus time, t (hrs). (a) 
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the 300 nm photolysis. The absorbance of the freshly prepared unphoto- 
lyzed solution at this wavelength was O.392. At t = 400 hrs, this 
absorbance had increased to 1.340, and at t = 85O hrs, the absorbance 
at 490 nm was off-scale. The absorbance at J06 nm remained off-scale 
until t = 817 hrs., at which time it was I.3OO. At t = 85O hrs, the 
absorbance at J06 nm was 0 .865. This absorbance is indicative of a 
cryptocyanine concentration of 4.020 x 10" 6 M. Absorbance observed at 
other wavelengths was again ambiguous and that data is omitted from 
this discussion. This applies also to the following discussion of the 
uv spectra for these solutions.
When the solution just described was diluted (5 drops in 
4 cc) an absorption maximum at (235 ± 3) 11111 was again (as in the $00 nm 
photolysis) found to be present. The intensity of this band increased 
with time. At t = 0 ,  the absorbances at X = 706 nm and \  = 235 11111 
were off-scale and 0.270 respectively. At t = 380 hrs the absorbances 
were 1.200 (X = 706 nm) and 0.860 ( X  = 235 nm). At t = 65O hrs, the 
absorbances were 0.240 (\ = 706 nm) and 1.090 ( \  = 235 nm).
SUMMARY AND CONCLUSION
It appears certain that the visible absorption band centered 
at (490 + 5) nm is associated with a decomposition product which is 
produced by both 300 nm and broad band irradiation of 10"4 M solutions 
of cryptocyanine in methanol. The intensity of this band increases 
continuously with time in solutions subjected to both types of radia­
tion. This material was recovered from the 300 nm photolysis reaction 
as a red oil. It is very soluble in water, methanol, acetone, and 
chloroform. It has been labeled Component II in Table I because it
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was the second fraction collected from the silica gel chromatographic 
column described in the third section of this Chapter.
The ultraviolet absorption band centered at (235 + 3) nm 
is also clearly associated with a decomposition product produced by 
both 300 nm and tungsten light irradiation. It also shows an intensity 
which increases continuously with time under both types of irradiation. 
This compound was the first one collected from the silica gel column 
and has been labelled Component I. It was obtained in the form of a 
dark yellow oil and showed the same solubility behavior as Component II. 
Absorption at (235 + 3) 11111 was also observed in the spectra of Compo­
nents III and IV. It is probable that this band is due to the presence 
of small amounts of Component I in both of the last two materials.
It is significant that in our previous work with 10~6 M 
Q-switch solutions irradiated by the xenon flash lamps inside the 
laser cavity, absorption at 235 nm was observed. As the main absorp­
tion band at J06 nm decreased in intensity over several exposures 
of the sample to the flash lamps, a shoulder appeared at 235 11111 and 
increased in intensity. If, in fact, this absorption band is due to 
the presence of only one decomposition product, it could be quite 
useful in monitoring the progress of decomposition reactions in solu­
tions in the 10"6 M concentration range.
One other firm conclusion can be drawn from our data: while
it seems highly probable that at least two of the final decomposition 
products produced by uv and visible radiation are the same, a striking 
difference in the two reaction mechanisms is evidenced by the time de­
pendence of two spectral bands produced only in the 300 nm photolysis 
and displayed in Fig. 1. The peaks centered at (4^8 + 3 ) 11111 and
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(425 + 3) ntn an<* labeled "c" and "d" respectively, both reach a maximum 
intensity after 3 hrs of irradiation. After this maximum they both 
gradually decrease as the reaction goes to completion. It seems rea­
sonable to conclude that both of these peaks are characteristic of some 
type of intermediate formed in the 300 nm photolysis reaction. These 
peaks did not appear in the course of the white light induced photolysis.
The data on decomposition products produced by irradiation of 
methanolic solutions of cryptocyanine discussed in this Chapter are 
obviously incomplete. Much more work along these lines would have to 
be done in order to establish the actual identity of the compounds and 
the nature of the reaction mechanisms involved in the two types of 
photolysis reactions. We do believe, however, that we have been able 
to draw several firm conclusions from this work and that these observa­
tions yield some preliminary insight into the nature of the reactions. 
Furthermore, it is hoped that the procedures and techniques described 
herein may provide a broad outline for further investigation of the 
mechanisms involved not only in the decomposition of cryptocyanine Q- 
switch solutions, but in the decomposition of other related dye-solvent 
systems as well.
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The laser is a device which produces light amplification by 
the stimulated emission of radiation. The word laser is an acronym 
based on that definition. The light emitted by the laser is highly 
coherent, that is, monochromatic and unidirectional. The small beam 
width and the narrow divergence angle are responsible for the intense 
brightness of laser light as compared with other light sources.
Shortly after pulsed solid state lasers were first invented,1 
it was noted that their output consisted not of a single burst of 
light, but of many individual "spikes" delivered in a more-or-less 
regular fashion over a period of time.2 It was soon realized that 
this multiple-pulsing behavior was due to the particular relation­
ship between the rates of competing optical processes occurring within 
the laser material. The sequence of these events follows. First, 
the flash lamp used to "pump" the laser material ignites and gradually 
builds in intensity. This light strongly excites the laser material 
by producing quantum transitions from the ground state to one or more 
excited "pumping" energy levels. The atoms, ions, or molecules 
(hereinafter called molecules) not only relax to the ground state 
directly by spontaneous fluorescence, but also relax by radiationless 
processes to another excited state called the upper laser level. The 
molecules which end up in the upper laser level slowly relax by spon­
taneous emission (phosphorescence) until one photon happens to be 
created in one of the high-gain modes of the laser cavity (from the 
point of view of geometric optics, it is emitted parallel to the 
optical axis of the system). The photon in this mode is multiplied 
by stimulated emission. If the pump light has been on long enough,
there will be an appreciable excess of molecules in the upper laser 
level relative to the lower laser level (population inversion) so 
that the gain in this mode exceeds the losses (due to scattering or 
absorption by imperfections in the optical components, diffraction 
around the end mirrors, etc.) and the laser begins to fire. But in 
the act of firing, pump energy stored in the upper laser level is 
depleted faster than it can be resupplied by the flash lamp and the 
net population inversion decreases until the gain is driven below 
the losses. At this point, laser action ceases and the first "spike" 
is finished. The flash lamp, however, is still burning so that the 
system repumps, a new inversion is created, and the firing process 
repeats itself. This cycle continues until the flash lamp has dimmed 
below the brightness required to repump (repopulate the upper laser 
level of) the system, and the entire train of pulses terminates. 
Hellwarth3 was the first to point out that a shutter placed in the 
optical cavity in a closed configuration would prevent the laser 
discharge from occurring immediately after the minimum population 
inversion had been achieved. The photons which otherwise would have 
initiated the stimulated emission cascade are absorbed by the shutter 
instead. In this case, the flash lamp continues to pump energy 
into the system and the molecules in the upper laser level become 
very much more numerous than those in the lower level. Of course, 
the rate at which molecules in the upper laser level relax by spon­
taneous emission undergoes a corresponding increase, and eventually 
the system achieves a new steady state at a much higher degree 
of population inversion than would be possible without the
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shutter. At this point, the shutter can be opened, and the very next
photon emitted in a high gain mode will produce a single enormous 
*laser pulse.
Hellwarth3 has also shown that the shutter used for Q-switching 
must be a very special one; it must change from a closed state to an 
open state in a very short period of time (about a nanosecond) to pro­
duce a good giant pulse. Unfortunately, it is very difficult to fabri­
cate a shutter which will meet this requirement. Electro-optical 
shutters utilizing the Kerr effect were first tried,5 and mechanical 
choppers have also been used.4 Rotating one of the mirrors enclosing 
the optical cavity can have the same effect as opening and closing a 
shutter - this is the most favored mechanical means for the generation 
of giant pulses.6 But one still has the problem of synchronizing the 
rotation of the mirror with the flash lamp used as the pump. By far 
the simplest, least expensive and most elegant shutter is simply a 
spectrophotometer cell filled with a liquid dye solution.7"10 The dye 
is carefully chosen so that it has a sharp, intense absorption band at 
the same wavelength as that of the laser. The photons emitted by the 
laser material due to spontaneous phosphorescence that would have
ft
It is important to note that the purpose of Q-switching (the name 
given to this shuttering process by electrical engineers) is not energy 
economy. Indeed, the use of a shutter causes about a factor of five loss in 
the total energy in coherent radiation obtainable from a flash of given 
excitation energy. However, the maximum power level can be increased 
by three orders of magnitude. In front of a ruby laser 1 cm in dia­
meter radiating with a peak power of 20 Mw the peak radiative flux den­
sity is 2.55 x 1011 w/meter2. This flux density corresponds to a peak 
electric field E = 1.39 x 107 V/meter. 4
otherwise initiated the cascaded stimulated emission process are ab­
sorbed by the dye molecules instead. But as the intensity of spon­
taneous phosphorescence increases (because the pump is continuously 
increasing the population of the upper laser level) the dye molecules 
become bleached due to the removal of molecules from the ground state 
to metastable excited states.11 At that point, the dye is said to be 
optically saturated, a condition which corresponds to the open state 
of a shutter. By adjusting the concentration of the dye, one can alter 
the delay period between the initiation of the discharge of the pumping 
flash lamp and the onset of this photobleaching process. The effective 
"rise-time" of the shutter (that is, the time period during which the 
effective absorbance of the dye solution changes from great enough to 
prevent laser action to essentially that of complete transparency) is 
short enough to produce giant-pulse behavior in the laser containing 
the dye cell (ordinarily a few nanoseconds). After the laser has fired, 
the bleached dye solution automatically "heals" due to rapid relaxation 
of the molecules by spontaneous fluorescence (and perhaps other mech­
anisms as well), and the shutter automatically closes until it is 
needed again.
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